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“Foreword

Foc successtil operaiion, 2l marned Hving systems, submersibles, and kEypesbaric chambess re-
cuiTe pressure-resistant viewporns. These Aewpors zllow the perscrnnel indde the diving bells 2nd stb-
mersibles to observe the environment ourside the pressure-resistant huiis. In 2ddéiien, ca land, opera-
tors of ivperbasic chambers can observe the behavior of patients or Evers undergoing hyperbasic

b

Since the viewports.form a part of the pressure-resistant envelope, they must meet or Suspass the
s2fety crizeria used for designing either the metallic or plastic composite pressure envelcpe. The
ASME Boter and Pressure Vessei Cede Section 8 provides such design Gizerfa, and (he chambers/
pressre Intlls designed on their basis have generated an unexcelled safety record.

The viewports, because of the unigue structural properties of the acrylic plasiic vsed in consuuct-
ing the windows, could not be designed according to the same criteria as for the pressure eavelepes
febriczted of metallic or plasiic composite materials. To preclude potential catastrophic faitvres of
windows designed on the basis of inadequate data, in 1965, the U.S. Navy initizted a window testing
program 2t the Naval Civil Engineesing Laboratory and the Naval Ocean Systems Center. Under this
prozram, window tesiing was conducted untl 1975.

The cbjective of the window testing program was to generzte test daita concemning the structural
periommasice of acryiic-plastic windows fabricated in differeni shapes, sizes, and thicknesses. Cangdi-
dates for investigation included the effect of major design parameters, like the thickness to diameter
retio, bevel angle of bearing surfaces, and the ratio of window diameter 10 seat-opening diameter on
the structural performance of the windows; and empirical relationships were to be formulzted between
these variables and the critical pressures 2t which windows fail. To make the test results rezlistic, the
test conditions were varied to simulate the iz-service environment that the windows were to be sub-
jected. Thus, during testing, the windows were subjected not only to short-term pressurization at
room temperature, but also to long-term sustained and repeated pressurization at cifferent ambient
temperatures.

On the basis of these data, empirical relationships were formulated between design parameters and
test conditions. Committees in the Pressure Technology Ccdes of the American Society of Mechani-
cal Engineers subsequently incorporated these relationships into the Safety Standard for Pressure Ves-
sels for Human Occupancy (ASME PVHO-1 Safety Standard). Since that time, this ASME Safety
Standard has formed the basis — worldwide — for designing acrylic windows in pressare chambers for
human occupancy. Their performance record is excellent; since the publication of the Safety Stan-
dard in 1977, no catastrophic failures have been recorded that resulted in personal injury.

The data generated by the Navy’s window testing program were originaily disseminated in technical
reports of the Naval Civil Engineering Laboratory and the Naval Ocean Systems Center, and were
made available to the general public through the Defense Technical Infosmatiols Center. To facilitate
distributior: of these data to users inside and outside of the Department of Defense, the technical re-
ports have been collected and are being reissued as volumes of the U.S. Navy Ocean Engineering
Studies.
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These wolrnes, containing the collecied 1echnical reports o pressze-resistant pizsic windows, will
be deposxed in technical Boaries of Naval Laborazories acd universtizs with: ocean exgineericg pro-
gams. Tis disseminasion of coliecied dz1a should sgnificantly reduce the efiert cmentiy being ex-
pended by siudents, engineers, acd sientists in their search for data dispersed among ithe many re-
ports published over a 10-year pesiod by several Naval activities.

’}“\’ohmcwofmeOmnEnﬁnwthaiskacanpﬂzﬁoneﬂmwchnhlrepwsdmmas
on ibe suructural perfcrmance of acr;lic windows, shaped as conical fustums, under losg-t+tm pres-
surizasion. The deformation 2ad crack initiation 2re noted and recosded as a function of pressure
mzgniude 2nd duration of loadice. The pressure and duration of lozding described in the reposts
2pply directly-to conical frestum windows of any size, with an identical ¥/Di ratio; while the displace-
ments sz be mukiplied by a scale factor based on the ratio of minor diameters on the test and op-
erational windows.

// J. D- SiZChi""
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WINDOWS FOR EXTERNAL OR INTERNAL HYDROSTATIC
PRESSURE VESSELS—PART {V. Conical Acrylic Windows Under
Long-Term Pressure Application at 25,000 Psi

Technical Report R-645

YF 38.535.005.01.005

by

J. D. Stachiw

ABSTRACT

Conical acrylic windows of 30-, 60-, 90-, 120-, and 150-degree included
angles have been subjected in their mounting flanges to 20,000 psi of hydro-
static pressure for up to 1,000 hours in the 32°F-t0-76°F temperature range.
The displacements of the windows through the flange mounting have been
recorded and are graphically presented as a function of time, temperature,
conical angle, and thickness-to-diameter ratio for the ready rzference of the
designer. A detailed study has also been made of the types of failure and of
the dimensional and structural parameters that must be considered in the
design of safe, operationally acceptable windows for long-term service under
hydrostatic pressure of 20,000 psi.

The test results indicate that a3 minimum thickness to minor diameter
ratio of 2 and an included conical angle of 90 degrees or larger is required to
provide safe and optically acceptable windows for long-term sustained pressure
loadings of 20,000 psi.

This document has been approved for public release and sale; its distribution is unlimited.

Copies available at the Clearinghouse for Federal Scientific & Technical
Information (CFSTI), Sills Building, 5285 Port Royal Road, Springfield, Va. 22151

v L

[P




INTRODUCTION & » - « o e o e e e e
CTEST SPECIMENS . - - « « o o o oo e e
TESTSETUP . . . . . . . . .. e

Windowflanges . . . . . . . . . . . . . . . . ..
PRESSURE VESSELS . . . . . . . . . L
INSTRUMENTATION . . . - o o o . o . .. I -
TEST PROCEDURE - . - « o o oo oo e
DATA REDUCTION . .« « o v o oo e e
SUMMARY OF TEST OBSERVATIONS . . . . . . . . ...

Deformations . . . . . . . . . . . . . . . . ...
Displacements . . . . . . . . . . . . . . . ...

Effectof FlangeDesign . . . . . . . . . . . . . ..

FINDINGS . . . . . . . . . . oo oo o .

APPENDIXES

A — Effects of Sustained Pressure Loading on Conical
Windows . . . . . . . . .. ... ... ...

B — Design of Window and Flange Systems for Long-
Term Loading at 20,000-Psi Pressure . . . . . . . .

C — Displacements of Conical Acrylic Windows Under
Sustained Hydrostatic Loading at 20,000Psi . . . . .

REFERENCES . . . . . . . . . ... .. ... ....

~

. -



P e T i =<7

D)

* e A
e e
hm— e e — =

INTRODUCTION

Previous studies on acrylic windows at the Naval Civil Engineering
Laboratory®3 have shown that the short-term critical pressure of conical
acrylic windows for deep-submergence applications is a function of their
temperature, conical angle, as well as their thickness-to-minor-diameter
ratio (hereafter referred to as t/D ratio). No effort has been made to
detesmine what influence the duration of pressure loading has on the
critical pressure of acrylic windows, although there have been indications
that acrylic windows will fail when subjected to lower hydrostatic pressure
for long periods of time. -

Since ocean bottom structures equipped with acrylic windows will
be subjected to hydrostatic pressure for long periods, it is important to
generate design criteria that will permit the design of safe windows for long-
term submergence. These criteria are also important in the design of windows
for internal pressure vessels (Figure 1) in which long-term hydrostatic tests
are performed. It was to generate such design data that the present study
was conducted.

The objective of the study was to determine the following experi-
mentally for conical acrylic windows under 20,000-psi hydrostatic loading:

1. The effect of loading duration on the initiation and propagation of cracks
and fracture planes in windows of different t/D ratios and angles.

2. The effect of loading duration on the magnitude and rate of axial
displacement as well as plastic deformation of low- and high-pressure faces
of windows with different t/D ratios, and conical angles.

3. The effect of temperature on time-dependent displacement.

4. The dimensions required for windows of different conical angles that are
to serve as optically acceptable windows for a minimum of 1,000 hours of
service under 20,000-psi hydrostatic pressure.

The objectives of the study were to be met by pressurizing to 20,000
psi a series of small-scale conical acrylic windows with 30-, 60-, 90-, 120-,
and 150-degree angles and 0.75 < t/D < 2.0 ratios; that pressure would be
maintained for up to 1,000 hours while the displacements of the windows
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and crack growth in the acrylic were noted. It was clearly understood that
some of the windows would be ejected in less than 1,000 hours, while others
would stifl be serviceable after this peried. Empirical relationships between
the structural behavior of the window, duration of hydrostatic loading, and
dimensional parameters could be established by comparing the magnitude of
displacement. time of crack. initiation, rate of crack propagation, or time to
catastrophic failure at different temperatures for windows of different conical
angles and t/D ratios. In addition the influence of temperature on the behavior
of the acrylic under long-term:loading could be determined. For some win-
dow t/D ratios that have been tested previously under short-term loading, a
measure of strength degradation could be obtained by comparing the r short-
term critical pressure to duration of loading prior to failure at 20,000 psi.
Furthermore, by extrapclating the displacements of windows that withstood
1,000-hour pressurization, a reasonable prediction can be made on their
displacement at a duration of pressure loading longer than 1,000 hours.

R e e
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Figure 1. Window installed in end closure of 18-inch {inside diameter) pressure
vessel for observation of test specimens.
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TEST SPECIMENS :

More than 150:model conical acrylic windows of 1-inch minor
diameter (Figure 2), machined from commercial Plexiglas G grade acrylic
plate stock served as test specimens. Thetest plan is shown in Table 1.

" The thickness-to-diameter ratio of these windows varied from 0.75 tc 2.0,
while the conical angle ranged from 30 degrees to 150 degrees in 30 degree
intervals. For each thickness-to-diameter ratio and conical angle, at least
five specimens were to be tested. The range of data from these tests would
_permit the designer utilizing this data to judge the repeatability of window
behavior and specif'y'the appropriate safety factor accordingly. The model
window test specimens were made to fit the window-mounting flanges used
in the previous study for the determination of critical pressure of windows
under short-term pressure loading. For this reason, the minor diameter of
the window (Figure 3) was selected to be 1 inch with a plus or minus 0.005-
inch tolerance on the diameter. The conical angle of the windows was held
to a tolerance of plus or minus 15 minutes. The actual thickness of the
windows, which was the same as that of commercially supplied acrylic plates
with standard manufacturing thickness tolerance, differed considerably from
their-nominal thickness. By utilizing the full thickness of respective acrylic
plates, no machining and subsequent polishing was required on most of the
windows' light-transmitting surfaces. The conical bearing surfaces, machined
to a 32-rms finish, when covered with grease sealed the windows in the flange.

|
2

D= 8

Material: Plexiglas G

Nomenclature

D = minor diameter (in.)
t = thickness (in.)
¢ = included conical angle {deg)

Dimensions

44

1. For l-in-diam windows:
D = 1.0; tolerance = £0.005
t = nominal 3/4,7/8,1, 1.1/4, 1-1/2, 1-3/4,and 2
{manufacturer’s plate thickness tolerances apply)
a = 30, 60, 90, 120, or 150; tolerance = £15'
2. For 4-in.-diam windows:
D = 4.0; tolerance = £0.010
t = nominal 4 (manufacturer’s plate thickness
tolerances apply)
= « = 30, 60, or 90; tolerance = *15'

Figure 2. Dimensions of typical conical window specimens.
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Figure 3, Typical conical acrylic windows of 1-inch minor diameter used in the
experimental program.

In addition to the 1-inch-diameter model windows, 4-inch-diameter
windows {30-, 60-, and 90-degree included angles) of 1.0 t/D ratio were
fabricated. These full-scale windows were later subjected to a pressure
loading identical to that of the 1-inch-diameter windows (Table 1). The
objective was to compare the displacement and crack propagation of the
large and the small windows and to determine whether the displacements
and magnitudes of cracks of the large windows are in proportion to their
diameter. 1f such a relationship is established for the 30-, 60-, and 90-
degree windows, a reasonable assurance exists that the cracks and
displacements of large windows with other ccnical angles under long-term
loading can be predicted on the basis of the measured cracks and displace-
ments of 1-inch-diameter windows of the same conical angle.
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TEST SETULP
Window Flanges

The t2s2 spei—encwish 1-ch rrior dlarmeTes were mowteed M

2] {lanes tFigures 4 and 5Y desigred 1o fiz o 18 imth razicurshel s
comentzd 1o pressive verse * The flanges (Fioures § and 7) for the 44nzh-
dzresr wndoms on the aher hand were desianed 5 it theend dlasime
ef the 18-hchdlamerer Wah-pressure vessel. The siz2) flanges were of
suff cier? thitkness te Mmesuwre that very [itse flange d=fommation oomrred
during application oF bydaststic presare 1o the window's iigh-presssme
faca Iz can, thersfore, be asnemed thas for 281 practics! punposes tha win-
dow fianges were ry’d and only the acsy o windowswere d=fonmad during
ihe pressunizeion.

Nomeachexe
M = exterzal fange daneter ()
k = owerail waadow fange thwcicaess ()

@ = wnclkeded contical angle (Jeg}
__- _- — -
& = 30,60, 00 1203t 150; tolerpace = 35 “\ :
M = 8Z /64 for 30-, 60-, 90-. and 1”&%\\
17Z 164 for 150 degree windcws @
Sexteriad: 1015 seeed
Figure 4. Dimensions of typical window mounting fianges for 1-inch-gtameter
conical windows.

Figure 5. Typical flanges for 1-inch-diameter conical window.
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Nawescime

M, = exaeresi! Risegr diawensr w.)

L = euwaalll flange wedkeess o)

k = cyfedocall pansage favgsk: f50.)

& = imchnded coscall avgle deg)
- .

@ = 30,60, 00 90 solerance = 5"
M = 8= 71754 for 30- aed G0 dagree wiedons - s’

17-3.4 = 3764 for S0 degree windons g
k = 2154 for 30- and 60 desree windons T _/
12 254 for 90 degree windous: —a
L = 12£ 1/64 for 30- and 60-degree mimdons
5% 7764 for 90 -degwe wisdons
Maeral: 4130 saeel

N

Figure 6. Damensions of typical window mounting flanges for 4-inch-diameter
conical windows.

‘. Figure 7. Typical flanges for 4-inch-diameter conical windows.




To smandardze the window dsplarement tasts, &l wadows and
fianpes were designed 10 have the minor diamerer of the osaical frustum
window adways egual 1o the m™or diamerer of the window ety in the
fizrge, Thus, the low-pressure face was fush with the bottom of the conizal
cavity in the fiange iFigure 4), while the high-pressure face of the window
extended 10 dgifferent elevations in the oonital fiznge canty, depending on
the window’s thickness. The special feature of these conical window flanges,
desiznarad previcusly as DOL 1 mounting configuration,” was the termina-
tton of the conical cavity in a cylindrical section that would act a5 a rad’al
reswzint on the extruding portion of the window (Figure 4). The length of
the oylindrice! section varizd from flange to fianoe, depending on the win-
dow’s angle and t/D rato. In 2!l cases, however, the section was designed
0 be long encuzh so that the exiruded acrylic plug would be radially
supporied along its wihole length.

The DOL 1 mounting configuration is noi the only, or for that
matter, the optimum corfiguration for conical acrylic windows under
hydrostaiic pressure. To date two other mcunting configurations, DOL 2
and DOL 5 (Figure 8), have been conceived and briefly experimented with.?
The ¢ifference between the two other mounting configurations and the
configuration which has been selected for this study lies primarily in the
degree and type of support afforded by the flange to the bearing surfaces
of the window when the whole window displaces axially under hydrosiatic
loading. In case of DOL 1 flange configuration, the portion of the windovs
displaced past the bottom of the conical flange seat receives radial support
from the walls of the cylindrical cavity. The DOL 2 flange gives no support
at all to the extruding portion of the window, while the DOL 5 flange gives
both radial and axial support to the displaced portion of the window. When
some short-term exploratory experiments were conducted previously with
the three different types of flange configurations, it was noticed that most
windows tested in DOL 5 flange had the highest implosion pressures; those
tested in DOL 2 flange the lowest pressures. The magnitude of the beneficial
effect associated with the DOL 5 flange varies with the position of the win-
dow in the flange, the included corical angle, t/D ratio, temperature, and
type of hydrostatic loading. Since the relationship between these variables
for any given window in this study is not known, the DOL 5 flange was not
chos::n for the study. It would be an additional variable affecting the rate
of displacement and critical pressure, thus making it impossible to compare
on a standard basis the structural response to long-term loading of acrylic
windows with different t/D ratios and conical angles. The DOL 2 flange was
not even considered for this experimentsl study as it is known to be inferior
to the two other flange configurations.
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DOL 2 Fiange and Window Configuration
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window intact;
medium extrusion
DOL 5 Flange and Window Configuration

Note: All windows of same t/D ratio pressurized to same pressure.

Figure 8. Window mounting configurations fcr conical windows.
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PRESSURE VESS='S

The vessels used in this study were the converted 16-inch navel gun
shells with 2 9.4-inch interna] diameter and the Earger vessel with an 18-inch
internz) dlameter. The sefe operations) pressure capability of both vessels
is 20,000 psi, and iheic end c'osures are providag with threaded openings to
which the windsw flanges could be attached. The flanges were mated to
tke end closures of pressure vessels in sich a manner that the low-pressure
face i ine window was under the gpening in the flange and thus exposed
1o aimospheric pressure, while ihe high-pressure face wes acied upon by
the pressurized water inside the vesse! (Figure 8). By such an arrangement
ine ssme pressure differential wes generated that existsonawindowina
submerged structure, or 6n g window in an interna! pressure vessel.

thermometer dial indicator pressure gage
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water under 20,000-psi pressure

Figure 9. Schematic of window test arrangement.
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~ All of the pressure vessels used coniained a sufficient volume of
compressed water at 20,000 psi 10 prevent the small, day-to-day displace-
menis of the windows through the flange opening from decreasing the
pressure inside the vessel by more than 50 psi. Also, the compressed water
in tha pressure vessel, and the stressed wall of the vessel contained sufficient
poteniial energy 10 efect the window once it became sofractionaied by .
cracks and fracture planes-as to loose its structural integrity. This feature
of the pressure vessels was of great importance, as it permitted locking
20,000 psi of pressure inside the vessel for unattended operation.

INSTRUMENTATION

The instrumentation for the long-term pressure testing of acrylic
windows consisted of a pressure gage, 3 displacement indicator, and a
thermometer (Figure 9). Ti.e Bourdon type pressure gage measured the
hydrostatic pressure inside the vessel with £50 psi accuracy, the mechanical
dial type displacement indicator measured with 0.001-inch accuracy the
displacement of the center of window’s low-pressure face, while the
remote-reading Bourdon tube thermometer registered with +0.5°C
accuracy the temperature of the water wetting the high-pressure face o7
the window.

TEST PROCEDURE

The conical bearing surfaces of the windows were liberally coated
with silicone grease. After insertion of the window into the conical flange
cavity (Figure 10), a force of approximately 30 pounds was applied to the
window’s high-pressure face to squeeze out most of the grease from between
the window and the flange. Subsequently the whole test assembly, consisting
of the end closure with window flange and window was placed into the pro-
per vessel prefilled with water and locked in place. The preparations for
testing were completed by mounting of the mechanical dial type displace-
ment indicator on the end closure. The dial indicator was mounted in such
a manner that the rod of the indicator protruded through the opening in
the end closure and rested firmly on the center of the window’s low-pressure
face (Figure 11).
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The first step in the pressurization procedure of the windcw was 10
pressurize the vessel to 1,000 psi and hold it at that pressure for 1 hour.
After 1 hour the pressure was dropped to zero and the dial displacement
indicator was reset 1o zero reading. This operational procedure insured
~ that the window was not hearing against a thick layer of grease, and that
the displacements of the window recorded during following pressurization
to 20,000 psi would be a measure of window deformation, rather than
settlement.

The pressurization to 20,000-psi pressure level was conducted at
600-t0-700-psi/min rate, and the displacement readings were taken at
1,000-psi pressure increments. After the pressure inside the vessel reached
20,000 psi, the pumps were stopped, and the valve controliing the flow of
water to the vessel was closed. This operation concluded the pressurization
of the windows to their long-term operational pressure.

Some of the windows were subjected to 20,000 psi of hydrostatic
pressure for 500 hours, while others were kept at that pressure for 1,000
hours. In this manner the damage to the windows could be observed at
two discrete time intervals, one of them being twice as long as the other.
The pressure inside the vessels fluctuated as much as plus or minus 100 psi,
depending on the temperature of the ambient atmosphere. Moderate effort

was made to control the temperature of the water. lts temperature fluctuated

from 189C to 23°C, depending on the season of the year, and the time of
day. Displacement, pressure, and temperature readings were taken three
times a day. When the readings were taken, the pressure inside the vessel
was also readjusted if it differed by more than 100 psi from the set pressure
of 20,000 psi. Such readjustments were very rare, and occurred either when
some minor leaks occurred in a hydraulic system or a temperature change
of more than 2°C took place.

The reasons for choosing room temperature as the environment for
long-term testing of windows are twcfold. First, it imposes a more detri-
mental environment for extrusion of plastic windows because the mechanical
strength and viscosity of acrylic plastic in this temperature range are less®
than at temperatures in 320F-t0-40°F range generally found in the deep
ocean. Second, when acrylic plastic is used as viewport material in high-
pressure vessels, such vessels wil probably be operated at room temperature.

However, in order to have some indication of what change in window

displacement occurs when the temperature of the pressurizing medium is in
the 30°F-t0-35°F temperature range commonly found in abyssal depths, a

group of 4-inch-diameter 90-degree windows with t/D = 1.0 has been subjected

to 1,000 hours of pressurization at 20,000 psi at that temperature.
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After the windows were maintained at 20,000-psi pressure for the
desired time intervai, the pressure was dropped to zero at a 100-psi/min rate.
After the pressure reached the zero-psi level, the end closure was removed
from the pressure vessel, and the window inspected for damage. From each
group of five identical test specimens ong weas carefully photographed both
on the low- and high-pressure faces to record the extent of cracking as well
as permanent deformation of the window surfaces (Appendix A). To give
the prospective window designers a feel for the magnitude of cold flow
cratering on the window's high-pressure face a rectangular grid was optically
superimpcsed on the window’s face and the window was photographed.

The same operation was conducted in many cases for photographing of the
extended low-pressure faces.

Details on the design of window and flange systems are presented in
Appendix B and window displacement histories are described in Appendix C.

DATA REDUCTION

The data resulting from testing more than 200 windows at 20,000-psi
hydrostatic pressure for time periods between 500 to 1,000 hours are pre-
sented in this report pictorially (Appendix A) and graphically (Appendix C).
For the hydrospace engineer designing window/flange systems, the average
magnitude of window displacement for a given t/D ratio and conical angle
has been plotted, as well as the scatter between the five individual window
test specimens comprising each test group (Appendix C). The photographic
record of crack and fracture plane location and magnitude is presented in
Appendix A for all t/D ratios and angles, as it is impossible to foresee which
one will be selected by an engineer for design study, or by a scientist for
fracture mechanics study.

Although such detailed representation of test results is an absolute
necessity for the detailed design of window/flange systems, only a general
overview of window displacement as a function of t/D ratio and conical
angle is needed for technical feasibility and preliminary design studies. For
such applications, the details of experimental data tend to obscure the
general trends of the relationship between displacements and the main
structural parameters of the window/flange system.

To provide an overview, typical window deformation patterns
(Figures 12-18) illustrate general trends of window behavior under long-
term load. In addition, test results have been abstractad, averaged, and
presented in summary form for ready reference in Figures 19 through 21.
When referring to these figures, it is important to remember that they
represent average displacement values without any indication of data
scatter; to determine scatter one must refer to figures in Appendix C.
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(b) Typical cold-flow plug extrusion of window's low-pressure face.

Figure 12, One-inch-diameter x 0.75-inch-thick, 60-degree conical angle window
after 1,000-hour sustained pressure loading at 20,000 psi.
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Figure 13a. Comparison of displacements on 4-inch-diameter acrylic windows
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{a) Comparison of plug extrusions.

U » 0.875

{b) Comparison of cold-flow craters.

Figure 14. One-inch-diameter, 60-degree conical windows after 500-hour sustained
loading at +20,000 psi and 70°F.
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(a) Comparison of plug extrusions.
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{b) Comparison of cold-flow craters.

Figure 15. One-inch-diameter windows with t/D = 1.0 and different conical angles !
after sustained loading at 20,000 psi for 1,000 hours in 65°F -to-75°F
temperature range.
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{b) Comoarison of cold-flow cratess.
Figure 16. One-inch-diameter, 60-degree conical windows with /D = 0.875 subjected 10
different durations of Joading at 20,000 psi in 65°F-10-75°F temperature range.

Figure 17. Comparison of crack distribution on 1-inch-diameter windows with
t/D = 2.0 and 30-, 60-, and 90-degree conical angles after 1,000
hours loading under 20,000 psi in 65°F-10-75°F pressure range.
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{c) Two separated fragments of the window.

Figure 18. One-inch-diameter, 90-degree window with t/D = 0.75 after
1,000 hours of loading at 20,000 psi.
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> Although the experimental data are based on a time period of only
1,000 hours (the extent of maximum loading duration-of windows in this
study}, the data are extrapolated for an additional 1,000 hours of load
applications for each t/D ratio and angle (Appendix C). This should allow
hydrospace window designers to predict the displacement of windows with
a high degree of confidence for 2,000 hours of sustained hydrostatiz load
application. For 1-inch-diameter windows with a t/D ratio of 2.0 extrapola-
. tions Have been made to 100,000 hours (Figure 22).
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Figure 22. Extrapolation to 100,000-hour loading duration of displacements

generated by 1-inch-diameter windows with t/D = 2.0 under
20,000-psi sustained pressure for 1,000 hours,

SUMMARY OF TEST OBSERVATIONS
Deformations

All of the windows subjected to long-term 20,000-psi hydrostatic
loading in DOL 1 flanges underwent time-dependent elastic and/or plastic
deformation; the magnitude and character of the deformation varied with
the window diameter, thickness, included angle, temperature, and length
of loading. Some of the windows extruded plastically through the cylin-
drical flange opening to such an extent that after a time they lost their
ability to withstand hydrostatic pressure and failed catastrophically. The
time-dependent plastic deformation of the windows consisted of cold-flow
cratering on the window’s high-pressure face and plug extrusion of the
low-pressure face (Figure 12). This deformation was accompanied by
formation of cracks on the high-pressure face, low-pressure face, and
conical bearing surface. The deformation was considerably less at 32°F
than at room temperature (Figure 13a).
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The 20,000-psi pressure loading under which some of the windows
failed was considerably lower than-the pressures required to cause similar
windows to fail under short-term hydrostatic loading in previous studies. 2
Since in this study the failure of windows in less than 1,000 hours after
pressure application took place only for two t/D ratios and angles, it is
exceedingly hard to formulate general rules. It is certain, however, that the
difference between critical pressures under short-term and long-term loading
can be considerable. For the two groups of windows that failed in this study
at 20,000 psi, the decrease in their short-term strength was 9% for the 30-
degree window with t/D = 0.875, and 23% for the 60-degree window with
t/D = 0.625. In the former case the average duration prior to catastrophic
failure was 42 minutes, while in the latter case it was 157 minutes. This
demonstrates that critical pressure of acrylic windows is intimately related
to duration of hydrostatic loading. By decreasing the magnitude of hydro-
static loading, the duration of sustained load-carrying ability is increased.

Since the magnitudes of cold-flow cratering, plug extrusion and
crack depth are larger for 4-inch-diameter windows than for 1-inch-diameter
windows (Figure 13b) of same t/D ratio and angle, it would appear that the
experimental data generated in this study by 1-inch-diameter windows are
directly (without any scaling factor) applicable only to windows of 1-inch-
diameter. However, because the deformation of the 4-inch-diameter
windows tested in the DOL 1 flange also under 20,000-psi hydrostatic
pressure is approximately four times larger than that of comparable 1-inch-
diameter windows, it can be assumed that the deformation of conical
acrylic windows is linearly scalable and the deformation data collected
on 1-inch windows under 20,000-psi hydrostatic pressure can serve as a
basis for predicting the deformation of acrylic windows of any diameter
under 20,000-psi hydrostatic pressure.

The magnitude of cold-flow cratering on the high-pressure face,
and the plug extrusion on the low-pressure face appears to be related to
temperature, duration of sustained loading, t/D ratio, and conical angle.

In general, an increase in t/D ratio {Figure 14), and conical angle

(Figure 15) decreases the magnitude of extrusion and cold-flow cratering.
An increase in duration of sustained load application on the other hand
increases the magnitude of cold flow (Figure 16). Low temperature favors
small deformations, while elevated temperature causes large deformations.

The conical bearing surfaces of the windows have been observed
to harbor many fine cracks propagating into the interior of the windows
at approximately a right angle to the bearing surface. The number of
cracks, their depth, and pattern of distribution has been found to vary
with the window's t/D ratio, conical angle, length of loading, and temper-
ature. An increase in duration of loading and temperature, decrease in
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t/D ratio, and a decrease in conical angle have been associated with.an
increase in number of cracks as well as their depth. An interesting phe-
nomenon associated with the change in conical angle was that not only
the number of cracks changed but also their distribution on the conical
_ bearing surface. Generally speaking, it appears that the smaller the angle
’ of conical windows with a given t/D ratio, the more general is the distri-
bution of cracks over the whole bearing surface. Thus, for example for
30-degree windows the whole bearing surface is covered with cracks, while
for 160-degree windows all of the cracks on the bearing surface are
concentrated near the low-pressure face (Figure 17).

If the t/D ratio of the window was low and the conical angle was
equal to or larger than 90 degrees, a fracture devel#ped that divided the N
window into two fragments. Since the fracture originated in most cases
from one of the many cracks present on the conical bearing surface, and
it propagated itself-at right angles to the bearing surface, the shape of
resulting fracture was that of a cone with its apex intersecting the high-
pressure face of the window. The resulting two fragments of the window
had either the shape of an annular ring, or of a plug with two intersecting
conical surfaces (Figure 18). In those cases in which the loading of the
window was terminated before the window was divided by the fracture
into two separate fragments, an incomplete fracture was observed.

Displacements

When the magnitudes of displacements for windows having different
t/D ratios, conical angles, and duration of loading were compared, several
observations were made. For all windows, regardless of their t/D ratio
(Figures 19 and 20), the displacement after the same length of loading at
20,000 psi and 65°F-759F appeared to be largest for 30-degree windows
with the displacement becoming progressively smaller as the conical angle
increased to 150 degrees. The largest decrease in magnitude of displace-
ment took place between 30 degrees and 60 degrees, followed up by a
smaller decrease between 60 degrees and 90 degrees (Figure 19). Some
minor additional decrease took place between 90 and 150 degrees of
conical angle, the magnitude of the decrease being related in some manner
to the t/D ratio. When the t/D ratios were small, the differences in
magnitudes of displacement between windows of same t/D ratio but
different conical angles were very large (Figure 203, b, ¢, and d). On the
other hand, when the t/D ratios were large, the differences in magnitudes
of displacement between windows of same t/D ratio but different conical
angles were small for the same duration of loading {Figure 20e, f, and g).
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When the magnitudes of displacement for windows of same conical
angle but different t/D ratios are compared after the same loading duration
(Figure 21), it appears that considerable decrease in the magnitude of
extrusion occurs as the t/D ratio is increased in lower t/D ratio range,
followed by very little decrease as the t/D ratio is increased in higher t/D
ratio range. Thus for 30-degree windows (Figure 21aj, most of the displace-
ment decrease takes place at ratios up to t/D = 1.5; for 60-, 90-, 120-degree |
windows (Figure 21b, ¢, and d} at ratios up to t/D = 1.25; and for 150- ;
degree windows (Figure 21e) at ratios up to t/D = 1.0.

When one compares the magnitudes of displacement for different
t/D ratios of a constant conical angle at different durations of loading
(Figure 19) it can be observed that the shorter the duration of loading, the
less difference there is between the magnitudes of measured displacement of
different t/D ratios for a given angle. Thus for 1-hour duration of loading
the magnitudes of displacement for 0,75 t/D and 2.0 t/D windows with a
90-degree included angle are approximately of the same magnitude (Figure 19a),
while for 1,000-hour duration of loading the displacements for those two t/D
ratios are of significantly different magnitudes (Figure 19e).

Data generated by windows that failed prior to completion of the
1,000-hour sustained pressure loading indicated that under a sustained pres-
sure loading at 65°F-t0-75°F a catastrophic window failure rarely occurs
before the magnitude of the window displacement is equal to at least 50%
of the original window thickness, For 30-degree windows the magnitude
of displacement prior to catastrophic failure under sustained loading has
generally been equal to original window thickness (Figure C-1). The
displacement of 60-degree windows (Figure C-2} is somewhat less than
the original window thickness, but still well over 75% of original thickness.

For angles larger than 60 degrees, the exact amount of displacement prior
to catastrophic failure is not known but in all probability it is about 50%
of original thickness. This large displacement can be used to actuate an
alarm system sensor in ample time before failure takes place.

Although the experimental data generated in this study are based on
the displacement of model windows under long-term loading of 1,000 hours
maximum duration, a fair extrapolation of window extrusions for longer
loading duration is feasible. This long-range extrapolation is possible because
it has been observed that when displacement of windows is plotted versus
time cn log-log coordinates, a straight line results. Such an extrapolation
has been prepared for all windows for t/D = 2.0; the graph has been plotted
for long-term loading up to 100,000-hour duration under 20,000 psi in
65°F-10-759F+ temperaiure range (Figure 22). On the basis of this
extrapolated data it appears that acrylic windows of t/D = 2.0 and 20-,

60-, 90-, 120-, and 150-degree conical angles will withstand approximately
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10 years of sustained pressure loading without catastrophic failure. This
prediction is based on the observation that none of these windows appear
to have even one-half the projected displacement in 100,000 hours which
s generally considered necessary for failure of conical windows under long-
term loading.

Effect of Flange Design

The displacement data generated by this study are directly applicable
only when the DOL 1 flange is used for containment of windows in a pres-
sure hull. Although only a few exploratory experiments were performed
in this study on the influence of flange design, it was observed previously’
that when DOL 2 flange is used the axial displacements become significantly
larger, while when DOL 5 flange is used they become significantly smaller.
Thus if the DOL 5 flange is used, the displacement data will be conservative;
the actual displacements in DOL 5 flanges of any conical angle will be less.
If DOL 2 flanges are used, the displacement data will be quite inapplicable;
the window in this flange will be unsafe because it will displace significantly
faster than the data of this report predict. The details of DOL 1 and DOL 5
flange designs are discussed at length in Appendix B.

FINDINGS

Conical acrylic windows are subject to static fatigue, which exhibits
itself by time-dependent viscoelastic and viscoplastic deformation, time-
dependent initiation and propagation of cracks, and time-dependent
catastropkic failure. Specifically:

1. The deformation of the windows takes the form of plug extrusion through
the cylindrical passage in the flange accompanied by the formation of a
crater in the center of the window's high-pressure face.

2. The initiation of cracks takes place on the conical bearing surface followed
by time-dependent propagation of fractures into the interior of the window
at approximately a right angle to the bearing surface.

3. Thedisplacement of the conical windows through a flange increases with
the temperature, pressure, and duration of sustained hydrostatic pressure,
and decreases with conical angle and t/D ratio.

4. Where specimens had a t/D ratio equal to or less than 1.0 and/or included
angles of 30 or 60 degrees, catastrophic failures occurred in less than 1,000
hours of sustained loading at 20,000 psi.
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5. Only windows with a t/D ratio equal 30 or greater than 1.25 did not fail
catastrophically in 1,000 hours of sustained loading at 20,000 psi.

6. The decrease in magnitude of time-dependent displacement when t/D is
increased from 1.0 to 1.25 is greater than the decrease observed when t/D
is further increased from 1.25 to 2.0. The increase in t/D above 1.25, how-
ever, causes a very noticeable decrease in the number and depth of cracks
on the conical bearing surface of the window.

7. The rate of displacement for windows through the flange is not a linear
function of time, and as a general rule, the displacement occurring during
the first hour of sustained loading is greater than the displacement taking
place during the following 1,000 hours.

8. The deformation of the low- and high-pressure faces and the displacement
of the window through the flange were approximately 30% less in the 32°F-
t0-40°F temperature range than in the 65°F-t0-75°F range in which the
bulk of the experimental data was generated.

CONCLUSIONS

1. When windows are to be utilized in structures subjected to long-term
external or internal hydrostatic pressure, the duration of loading must be
taken into consideration in selecting the t/D and angle of the conical acrylic
window, since the catastrophic failure of the window under long-term
sustained loading occurs at pressures invariably lower than under short-
term loading.

2. It is absolutely necessary to know the magnitude of displacement, plastic
surface deformation, and crack propagation as a function of time to design
with confidence conical acrylic windows for long-term hydrostatic loading.

3. The time-dependent displacement curves and photographic record of
cracks and plastic distortions of windows under 20,000-psi long-term
hydrostatic loading from this experimental study make it possible to
specify the dimensional proportions of conical acrylic windows required
for safe and optically acceptable long-term service under hydrostatic
pressures between 15,000 and 20,000 psi.

4. The performance of full-scale conical acrylic windows under sustained
loading in terms of their deformatiun, displacement, and crack distribution
can be predicted with reasor.able accuracy on the basis of model windows.

5. For service under sustained hydrostatic loading at 20,000 psi and up to
1,000 hours duration, windows with a t/D ratio equal to or less than 1.0
and/or included angles equal to or less than 60 degrees are unsatisfactory.
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Appendi A

EFFECTS OF SUSTAINED PRESSURE LOADING
ON CONICAL WINDOWS

INTRODUCTION
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the window cocurred dusing the pressurizelion phase from O 1o 20,600 psi,
sustained pressure Ioading phase a1 20,000 psi, or un'vading phese from
20,000 pst 10 0 psi. Scme of the chenges in the window leg cold-flow
cratering on the high-pressure face and the cold-flow extrusion on the low-
pressure face) must have taken place during the hygrosiztic load applicaiicn.
These deiormaticns are clearly the responses of the acrylic window to
hydrostatic force acting ¢n its high-pressure face.

The time of origin of the cracks in thewindow is noi so obvicus.
Some of the cracks, such as those on the low-pressure face, definitely
appear during the loading of the window; they are caused by the bulging
of the low-pressure face, which induces local tessile siresses in the face.
Also, during some of the tests, the lovw-pressure faces vere cbserved and
axtensive cracking and fracturing of the face wes noted prior to faiiure.
Whether the cracks at right angles to the conical seating surface occurred
during the loading, or during unloading cannot be definitely ascertained.
However, there is good evidence that most cracks did originate du-ing
the pressurization and sustained pressure-loading phases.

The case for this suppasition rests on two observed phenomena.
One is the penetration of lubricant into some very deep cracks. The lubri-
cant, could not penetrate into ihe interior of the window through the
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Fain ~e oratikes I 11 was me T wnder very fuigh rydrostec pressore. BulaTl
&l af the oracks were penetratad by gezte, ind cating ether thal some wers
furmed during the degressunzzTion phase, or that they were fommed d.aving
PrEmLTZEIn &5 sheRr oracks, which are kegl from agening inid fisses oy
the enmgressian forces acting 51 right angles t0 the orack surfares. Steein
exg sty flled witdons one can fiad the fallhore surface to be am out-
eronth ol | o1 such oracks, i1 c2n be steted with 2 f2ir degree of confidence
That moc of the shear type oracks 21 night ang’es 1o the vonice] seziing
surface forrm witen the window is belng presserized or is wader sustzined
toad end nos during depressurization. The folowing discussion of the
effzces oF fong-term pressicre loading om conisal windmws is besed on ihe
prem e et st ¢ the d=fommetion and oracking did tzke place when
5 windons were befng pressirized, or when they were gader sustzined
Eryfrociztic foading.

DISCUSSION
1-Inch-Diameter Conical Windows

30 Degree. Al 30-dzgres conicsl windonswith t/D < §$875 failed 2t
leve’s tess than 20,000 psi during reising of the hydrostatic pressure. Thus at
ocrpletion Of tesis none oF ihese windows were aveilsble for obsenvation
and ghotcgreghy. The seme is tree of windows with 2 /D = 0.875, except
thai ihey f2iled under sustsined pressure after the hydrostatic pressure of
20,000 psi wes reached. Only windowswith t/D > 1.0 susvived the 500- or
1,000-hour sustzined pressure application and remeined for inspection
(Figure A-1).

Cold-flow cratering was observed only on the high-pressure faces of
windowswith 1.0 < t/d< 1.25, while cold-flow exirusion of the lovs-pressure
face in the form of a plug was observed on all of the winJows with 1.0<
1/D < 2.0 (Figures A-1 through A-5). Besides the extrusion in the form of
a plug, ihe lov-pressure face also underwent some change of surface curva-
ture. The low-pressure face changed its surface from plane to convex
{Figures A-2 and A-4) with the radius of curvature on the convex surface
being related 1o the amount of plug extrusion. Thus, windows with extremely
large plug extrusions vere cbserved to possess such a short radius of curvature
that cracking of the low-pressure face surface took plact. (Figures A-1 and A-2),
while windows with very small plug extrusions possessed convex low-pressure
faces with very long radius of curvature {(Figure A-4). In general it appears
that the magnitude of the cold-flow cratering and of the plug extrusion on
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1-inch-diameter, I0-dagree conical windows is a function of the duration of
sustained koading and t/D ratio when the ambient temperzture is held consiant
Thus 1,000-hour sustaned loading and bow t/D ratios result in Szeper cold-flow
craters and fonger cod-fiow pluss than S00-hour loading and high t/D ratios
fnoi showmn).

The conical seating surface of gll 30-degree windowswith 1.0< /D <
2 0 was found o be covered with fine aracks extending into the window’s
interior g1 approximately right angles to the conical seating surface. The
dgepth of penectrarion was in most cases shallow, less than 1/16 inch. In some
windows e fraciure plane, cutiing across the whole body of the window, was
cbserved immediately below the iransition zone of the window whese the
cylindrical p'ug joins the conical window body (Figurs A-3). Thereisa
sirong suspicion that this fracture separating the extruded plug from the
resi o the window body occurred during depressurization when the conics!
part of the window body could not relax because the extruded plug was
wegoed tight in the cylindricz! opening. Because of this restraint on relaxa-
iton, iensile forces were generated at the shape transition zone resulting in
the horizontal frecture plane. In ll windows tested, cracks in the conical
seating suriace were concantrated in the first 80% to 90% of the window's
thickness, measured axially along the conical bearing suriace from the minor
diameter end.

From the observation of cold-flow deformations and fractures in
the 30-degree conical windowss it appears that no windows in the 1.0< t/D <
2.0 range viill be optically satisfactory when subjected to 20,000 psi for
duration of sustained loading equal to 1,000 hours in a DOL 1 type flange.
Even vindows with t/D = 2.0 exhibit excessive extrusion and conical bearing
surfece cracking (Figure A-5). Thus from an optical viewpoint it would
appear that a 30-degree window for 20,000-psi long-term, high-grade optical
service should have t/D > 2.0, as only then will the cold-flow extrusion and
the curvature of the low-pressure face be of such small magnitude that the
optical properties of the window will remain satisfactory.

60 Degree. All 60-degree windows with a t/D < 0.5 failed during
raising of the hydrostatic pressure to 20,000 psi. All those with t/D < 0.625
failed somie time during the sustained 20,000-psi hydrostatic loading. Thus
no windows with t/D < 0.625 remained for inspection after the 1,000-hour,
20,000-psi pressure loading, and all observations are based only on windows
with t/D > 0.75 (Figures A-6 through A-12).

Cold-flow cratering of the high-pressure face was noticeable only in
60-degree windows with 0.75 < t/D < 1.25 (Figures A-6, A-7, and A-8): cold-
flow plug extrusion has been observed on all windows in the 0.75 < t/D <
2.0 range {Figures A-6 through A-12). The magnitude of the cold-flow
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cratering and plixg extrusion appears 10 be related 10 the duration of load
apglication and the window’s t/D ratio so long as the ambient temperature
isconsiani. Smail t/D ratios and 1,000-hour duration of Ioading produced
larger co!cd-flcw deformaticns than large t/D retios, or only 500-hour load
duration.

In windows with 0.75 < t/D < 1.25, the cold-flow plug exirusion
was sccompanied by convex bulg'ng up of the low-pressure face of such
magnitude that considerable fracturing of the low-pressure surface took
place (Figures A-6 and A-7). C=acks in the conical bearing surface were
present in all of the windows, but those having t/D > 1.75 were found to
have only very few minute cracks on the conical seating surface (Figures
A-11 znd A-12). These cracks on the conical seating surface were concen-
trated in the first 50% to 60% of window thickness measured axially along
ihe conical bearing surface from the windows’s minor diameter.

From the observation of ccld-flow deformations and fractures in the
60-degree conical windows, it appears that only windows with /D> 2.0
vill perform sstisfactorily in high-grade optical systems when subjected to
20,000 psi of sustained hydrostatic loading for time periods equal to, or less
than, 1,000 hours in a DOL 1 type flange.

90 Degree. All 90-degree windows with t/D < 0.5 failed during
raising of the hydrostatic pressure to 20,000 psi. Most of the windows with
t/D = 0.625 failed during the 1,000-hour loading under the sustained
20,000-psi hydrostatic pressure, thus the main body of observatioi™ is
limited to windows with t/D > 0.75 (Figures A-13 through A-19).

Cold-flow cratering of the high-pressure face was observed in all of
the 90-degree windows with t/D < 1.0 (Figures A-13, A-14, and A-15). It
is only with t/D > 1.0 that the cold-flow cratering of the high-pressure face
becomes so small as to be barely noticeable (Figures A-16 through A-19).
Cold-flow plug extrusion has been observed on all windows with t/D < 2.0.
The magnitude of the plug extrusion was found to be related to the duration
of pressure application and to the window’s t/D ratio so long as the ambient
temperature remained constant. Both small t/D ratios and long sustained
pressure loading tended to increase the magnitude of cold flow. The magni-
tude of cold-flow plug extrusion on windows with t/D = 0.75 was so great
that considerable bulging and cracking of the low-pressure face took place
(Figure A-13). No cracking of the low-pressure face was observed with
windows in the 0.875 < /D < 2.0 range (Figures A-14 through A-19). The
low-pressure faces of windows in the 1.0< t/D < 2.0 range, instead of being
convex were flat with a slightly raised edge; this edge created the illusion that
the surface was slightly concave.
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{a} Low-pressure face.

{a) Low-pressure face.

(b) High-pressure face.

Figure A-1. Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hours in
65°F-10-759F temperature range; 30-degree cone,
t/D = 1.0, 1-inch minor face diameter.

{c) High-pressure face with grid.
Figure A-2. Conical acrylic window after constant hyc
temperature range; 30-degree cone, t/D =




P T

thydrosta
)=1.25,

{a) Low-pressure face. {b) Low-pressure face with grid.

(c) High-pressure face with grid.
Figure A-2. Conical acrylic window after constant hydrostatic pressure loading to 20,000 psi for 1,000 hours in 65°F-t0-25°F
temperature range; 30-degree cone, t/D = 1.25, 1-inch minor face diameter.
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(a) Low-pressure face.

(b} High-pressure face.

Figure A-3. Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hours in
659F-t0-75°F temperature range; 30-degree cone,
t/D = 1.5, 1-inch minor face diameter.

(b) High-pressure face,

Figure A-4. Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hours in
659F-t0-750F temperature range; 30-degree cone,
t/D = 1.75, 1-inch minor face diameter.
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{b) High-pressure face.
Figure A-4. Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hours in
650F -t0-750F temperature range; 30-degree cone,
/D = 1.75, 1-inch minor face diameter.

(3) Low-pressure face.

(b) High-pressure face.

Figure A-5. Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hours in
650F-t0-759F temperature range; 30-degree cone,
/D = 2.0, 1-inch minor face diameter.
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{a) Low-pressure face.

(a) Low-pressure face.
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{b) High-pressure face, {b). High-pressure face.
Figure A-6. Conical acrylic window after constant hydrostatic Figure A-7. Conical acrylic window after constant hydrostatic Figure /
pressure loading to 20,000 psi for 1,000 hours in pressure loading to 20,000 psi for 1,000 hours in
| 650F-to-75°F temperature range; 60-degree cone, 65°F-10-75°F temperature range; 60-degree cone,
t/D - 0.75, 1-inch minor face diameter. t/D = 0.875, 1-inch minor face diameter.
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gure A-8.
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{a) Low-pressure face.

{b) High-pressure face.

Figure A-7. Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hours in
65%F-10-75°F temperature range; 60-degree cone,
t/D = 0.875, 1-inch minor face diameter.

b\\ﬂr\

(a) Low-pressure face.

{b) High-pressure face.

Figure A-8. Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hours in
659F-t0-75°F temperature range; 60-degree cone,
/D = 1.0, 1-inch minor face diameter.
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(a) Low-pressure face.

(b) High-pressure face,

Figure A-8. Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hours in
65°F-10-75°F temperature range; 60-degree cone,
t/D = 1.0, 1-inch minor face diameter.
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{a) Low-pressure face.

(b) High-pressure face.

Figure A-9. Conical acrylic window after constant hydrostatic
press.re loading to 20,000 psi for 1,000 hours in
65CF-10-75°F temperature range; 60-degree cone,
t/D = 1.25, 1-inch minor face diameter.
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(a) Low-pressure face, !
(a) Low-pressure face,
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{b) High-pressure face. {b} High-pressure face

Figure A-10. Conical acrylic window after constant hydro- Figure A-11. Conical acrylic window afte
static pressure loading to 20,000 psi for 1,000 static pressure loading to 2

hours in 659F-to-75°F temperature range; hours in 65°F-10-750F tem

60-degree cone, t/D = 1.5, 1-inch minor face 60-degree cone, t/D = 1.75,

diameter. diameter.




face.
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Lw after constar]

t0 20,000 psi
F temperature
. 1,75, 1-inch 0]
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{a) Low-pressure face.

_ . (b) High-prassure face.
Figure A-11, ‘(.)on-lcal acrylic window after constant hydro-
;::::; ?ress%re loading to 20,000 psi for 1,000
o in 650F-10-750F temperature range;
O-degree cone, t/D = 1.75, 1-inch minor face
diameter.

Figure A-12. Con
stati
hou
60-¢
diar
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{a) Low-p (a) Low-pressure face.

a} Low-pressure face.

(b} Higt )
Conical acry (b} High-pressure face.

{b) High-pressure face.
al acrylic window after constant hydro- Figure A-12. Conical acrylic window after constant hydro-

static pressut | !
hours in 650 Pressure loading to 20,000 psi for 1,000

60-degree cc in 650F -t0.750F temperature range;
diameter.  9ree cone, t/D = 1.75, 1-inch minor face
ster,

static pressure loading to 20,000 psi for 1,000
hours in 65°F-to-759F temperature range;
60-cegree cone, t/D = 2.0, 1-inch minor face
diameter.
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{23 View of ighprescore face showting ceeral fragmest

{b} View of high-pressure face showing annular fragment.
Fig

Figure A-13. Conical acrylic window after constant hycrostatic pressure Joading to 20,000 psi for 1,000 hours in 65°F-10-75%F
temperature rage; 9C-degree cone, 1/D = 0.75, 1-inch minor face diameter,
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{23 View of gl presmre face sihowig ceccral agmess.

{b) High-pressure face.

) Figure A-14. Conical acrylic window after constant bydrostatic Figure
Figute £ pressure Ioading to 20,000 psi for 1,000 hours in
ressuse loading 20 20,000 psi for 1,000 hours in 65°F-10-75°F 859F-10-75°F temperature range; S0-degree cone,
xch minor face diameter. UD = 0.875, 1-inch minor face diameter.




{a) Low-presasre face.

Figure A

(b} High-pressure face,

Figure A-14. Conical acrylic window after canstant hydrostatic
pressure loading 0 20,000 psié for 1,000 hours in
659F-10-759F temperatre range; cone,
UD = 0.575, 1-inch minor face diameter,
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(b) High-pressure face,

Figure A-15. Conical acrylic window after constant hydrostatic
pressure Joading to 20,000 pst for 1,000 houss in
650F-10-75°F temperature range; 90-degree cone,
t/D=1.0, 1iin¢’  inor face diameter.
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(2) Low-pressure face.
{a) Low-pressure face.
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{b) High-pressure face, {b) High-pressure face.

Figure A-16, Conical acrylic window after constant hydrostatic Figure A-17. Conical acrylic window after constant hydrostatic f
pressure loading to 20,000 psi for 1,000 hours in pressure loading to 20,000 psi for 1,000 hours in
659F-10-759F temperature range; 90-degree cone, 659F-10-75°F temperature range; 90-degree cone,

t/D = 1.25, 1-inch minor face diameter. t/D = 1.5, 1-inch minor face diameter.




{a} Low-pressure face. - {3) Low-pressure face,
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i (b} High-pressure face. {b) High-pressure face.
Figore Figure A-17. Conical acrylic window after constant hydrostatic Figure A-18. Conical acrylic window after constant hydrostatic Figure A-1¢
pressure loading to 20,000 psi for 1,000 hours in . pressure loading to 20,000 psi for 1,000 hoursin
65%F-10-759F temperature range; 90-degree cone, 659F-10-759F temperature range; 90-degree cone,

YD = 1.5, 1-inch minor face diameter, t/D = 1.75, 1-inch minor face diameter.
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{a) Low-pressure face.

{a) Low-pressure face.
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{b) High-pressure face.

Figure A-18. Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hoursin
659F-t0-759F temperature range; 90-degree cone,
/D = 1.75, 1-inch minor face diameter.
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{b) High-pressure face.

Figure A-19, Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hours in
659F-t0-750F temperature range; 90-degree cone,
t/D = 2.0, 1-inch minor face diameter,
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A number of surface cracks were obseried on the conica! seating
surface of windows with t/D < 0.875. The conical fractures, an extension
of conical seating surface cracks, were found to penetrate the body of the
window and reappear on the window’s high-pressure face. In windows with
t/D = 0.75 the fractures penetrated the body of the window in less than
500 hours causing the window 10 be separated into two fragments {Figure
A-13). The same kind of fracture was observed with windows of t/D = 0.875,
except that in these windows the fracture did not penetrate the body of the
window completely in 500 hours. In the windows with t/D = 0.875 it took
1.000 hours of pressure application before the fracture penetrated the whole
body of the window (Figure A-14). For t/D ratios 0.75 and 0.875, the coni-
cal fracture originated on the conical seating surface and propagated into the
interior of the window at approximately right angles to the conical surface.
When the conical fracture penetrated the whole thickness of the window
body it reappeared on the window’s high-pressure face on the edge of the
cold-flow crater. If the window is subjected 1o a sufficient loading duration,
complete fragmentation of the window into two parts results (Figure A-13).
One part of the window forms an annular ring and ceases to act as a load-
carrying number, while the central part of the window becomes the sole
load-carrying member. With time a considerable separation between
originally joined surfaces takes place; the central part of the window
continues to extrude through the flange opening while the annular part
of the window remains in the original location with respect to the flange.
Windows with t/D > 1.0 did not fracture after exposure to 20,000 psi for
1,000 hours. Surface cracks, if present, were concentrated in the first 40%
to 50% of the window's thickness measured axially along the conical bearing
surface from its minor diameter end.

From observation of cold-flow deformations and fractures in
90-degree conical windows, it appears that only windows with t/D > 2.0
will perform satisfactorily in a high-grade optical system when subjected to
20,000 psi of hydrostatic loading for time periods equal to or less than
1,000 hours in a DOL 1 type flange.

120 Degree. All 120-degree windows with t/D = 0.5 failed during
raising of the pressure to 20,000 psi, while most of the windows with t/D =
0.625 failed during 1,000 hours of 20,000-psi hydrostatic leading. Thus,
comments on windows removed from the vessel after long-term pressuriza-
tion are limited to windows with 0.75 < t/D < 2.0 (Figures A-20 through
A-26).

Cold-flow cratering of the high-pressure face was observed on all
120-degree windows with t/D < 1.0 (Figures A-21 and A-22). Only windows
with t/D > 1.25 did not show any noticeable cold-flow craters (Figures A-23,
A-24, and A-26). Cold-flow plug extrusion was observed on all the windows
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with t/D < 2.0, and the:magnitude of the extrusion appeared to be related to
the duration of loading and window’s t/D ratio so long as the temperature
remained constant. Both long duration of sustained pressure loading and
small t/D ratios increased the magnitude of cold flow. The magnitude of
plug extrusion in windows with t/D = 0.75 was so great that deformation
of the low-pressure face took place (Figure A-20). The resulting convex sur-
face of the low-pressure face was cracked in many places. No cracks were
observed on the low-pressure faces of windows with t/D > 0.875 (Figures
A-21 through A-26).

Considerable cracking and fracturing was observed in windows with

at/D < 0.75. The conical seating surface cracks extended thrcugh the body of

the window and reappeared on the window's high-pressure face. In windows
with t/D = 0.75, the conical fracture penetrated the body of the window
completely in less than 500 hours of load application causing the window

1o separate into two fragments (Figure A-20). After the window had frag-
mented into two parts, only the central part of the window continued to
carry the load while the annular fragment remained in its original position
with respect to the flange. 1n windows with 0.75 < t/D < 1.0, cracks were
present on the conical seating surfaces, but did not penetrate through the
whole body of the window. In some of the 0.875 and 1.0 t/D ratio windows,
the conical fracture was already well initiated on the conical seating surface
after the 1,000-hour loading (Figure A-22), while in windows with a t/D <
1.6 only pronounced cracks were present at that location (Figures A-23 and
A-24). Hairline cracks on the conical seating surface were found even in
windows with t/D = 2.0 (Figure A-26). All cracks in the conical seating
surface appeared in the first 10% to 20% of the window's thickness measuring
axially along the conical bearing surface from the minor diameter of the win-
dow.

From the observation of cold-flow deformations and fractures in
120-degree conical windows, it appears that only windows with t/D > 1.75
will perform optically in a satisfactory manner when subjected to 20,000
psi of hydrostatic loading for time periods equal to or less than 1,000 hours
ina DOL 1 type flange. .

150 Degree. All 150-degree windows with t/D = 0.5 failed during
raising of the hydrostatic pressure to 20,000 psi. Most of the windows with
t/D = 0.625 failed during the 1,000-hour, sustained 20,000-psi hydrostatic
pressure. Thus, the main body of observations is limited to windows with
0.75 < t/D < 2.0 {Figures A-27 through A-30).
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{a) Low-pressure face (assembled). {a) Low-pressure face.
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{b) Low-pressure face (disassembled). {b) High-pressure face.

Figure A-20. Conical arylic window after constant hydrostatic Figure A-21. Conical acrylic window after constant hydrostatic Figure A-22. Conical a
pressure loading to 20,000 psi for 1,000 hours in pressure loading to 20,000 psi for 1,000 hours in pressure |
65°F-to~75°F. temperature range; 120-degree cone, 650F-t0-759F temperature range; 120 degree cone, 659F-to-’
/D = 0,75, 1-inch minor face diameter, t/D = 0.875, 1-inch minor face diameter. YD=10
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{a) Low-pressure face.

(a) Low-pressure face.
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(b) Hig
(b) High-pressure face. {b) High-pressure face.
ydrosta_tic Figure A-21. Conica! acrylic window after constant hydrostatic Figure A-22. Conical acrylic window after constant hydrosta_tic
hours in pressure {oading to 20,000 psi for 1,000 hours in pressure loading to 20,000 psi for 1,000 hours in
r:gree cone, 650F-10-759F temperature range; 120-degree cone, 659F-10-759F temperature range; 120-degree cone,
t/D = 0,875, 1-inch minor face diameter. t/D = 1.0, 1-inch minor face diameter.




{a) Low-pressure face.
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{a) Low-pressure face.

{b) High-pressure face,

Figure A-22. Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hours in
659F-t0-75VF temperature range; 120-degree cone,
t/D = 1,0, 1-inch minor face diameter.

{b) High-pressure face,

Figure A-23. Conical acrylic window after constant hydrostatic
pressure loading to 20,000 psi for 1,000 hours in
659F-10-759F temperature range; 120-degree cone,
t/D = 1.25, 1-inch minor face diameter.
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(a) Low-pressure face.

{a) Low-pressure face.
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{b) High-pressure face, (6) High pressurefoc,

Figure A-24. Conical acrylic window after constant hydrostatic Figure A-25. Conical acrylic window after const:

pressure loading to 20,000 psi for 1,000 hours in pressure [0ading 10 20,000 ps for |
659F-10-759F temperature range; 120-degree cone, 650F-10.750F temperature e
t/D = 1,5, 1-inch minor face diameter, /D = 1,75, 1-inch minor face diam:
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{a) Low-pressure face.

1l
{b} High-pressure face.
ce.
h'tic Figure A-25, Conical acrylic window after constant hydrostatic Figure.
constanthy drostdin pressure loading to 20,000 psi for 1,000 hours in
< for 1,000 houts fone, 650F10-759F temperature range; 120-degree cone,
anges 120 degree t/D = 1,75, 1-inch minor face diameter.

e diameter.
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a) Low-pressure tace, {a) Low-pressure face.

{b) High-pressure face,

{b) High-pressure face.

. : . ]
igure A-26. Cor NWI!G wmczciw after constant hydrostatic Figure A+26. Conical acrylic window after constant hydrostatic X
pre: toading 10 £0,000 psi for 1,000 hours in

" pressure loading to 20,000 psi for 1,000 hours in
65¢ 15 F' tempe'l'ature range; 120-degree cone, 65°F-t0-759F temperature range; 120-degree cone,
y/D 5. 1inch minor face djameter. t/D = 2.0, 1-inch minor face diameter.
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{2) Low-pressuxe face.
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{b) High-pressure face.

Figure A-27. Conical acrylic window after constant hydrostatic pressurz loading to 20,000 psi for 1,000
hours in 659F-10-759F temperature range; 150-degree cone, t/D = 1.0, 1-inch minor face

diameter.

Figure 4




jure A-2

 to 20,000 psi for 1,000
1.0, 1-inch minor face

J £

{b) High-pressure face.

Figure A-28. Conical acrylic window after constant hydrostatic pressure loading to
20,000 psi for 1,000 hours in 659F-t0-759F temperature range;
150-degree cone, t/D = 0.875, 1-inch minor face diameter.
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{b) High-pressure face.

Figure A-29. Conical acrylic window after constant hydrostatic pressure loading to 20,000 psi
for 1,000 hours in 65°-10-759F temperature range; 150-degree cone,
t/D = 1.0, 1-inch minor face diameter.

Figure A-30. Conit
1,00
mino
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(3) Low-pressure face.

(b) High-pressure face.

Figure A-30. Conical acrylic window after corstant hydrostatic pressure loading to 20,000 psi for
1,000 hours in 65°F-to-75°F temperature range; 150-degrce cone, t/D = 2.0, 1-inch
minor face diameter.
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Coli-fiowr cratering of the high-pressure face was observed in all of
the 150-degree windows with t/D < 1.0 (Figures A-27 and A-28). Itisonly
with t/D = 1.0 thai the cold-flow cratering of the high-pressure face becomes
so small as 1o be barely noticesble (Figures A-29 and A-30).

Cold-flow plug extrusion h2s been observed on all windows with
t/D < 2.0. The magnitude of the plug extrusion was found to be relzted
both to tie duration of pressure application and a window’s t/D retio; fong
pressure applications and small t/D ratios resulted in large magnitudes of
cold flovs. The maaniiude of cold-flow plug extrusion on windows with
t/D = 0.75 was 50 largz that considerable cracking of the low-pressure face
wes observed (Figure A-27). Windows with t/D = 0.875 did not exhibit any
cracking of the low-pressure fece (Figure A-28). The low-pressure faces of
vindows with 0.875 < t/D < 1.0 exhibited a raised edge around their cir-
cumference giving those faces the appearance of a slighily concave surfece.
The hsight of the raised edges was in the 0.01-t0-0.02-inch renge, while
the diameter of the flat surface on the low-pressure face was in the 0.875-
t0-0.75-inch range. Only windows with t/D = 2.0 did not exhibit any
distortion of the low-pressure face. The face of these windows was
essentially flat after 1,000 hours of 20,000-psi pressure.

Considerable surface cracking and frecturing of the window body

~as observed on the coniceal seating surface of windows with t/D < 0.875.
The conical fracture, an extension of cracks on the conical seating surface,
penetrated the whole thickness of the window with t/D < 0.75 in less than
500 hours, reappearing on the high-pressure face (Figure A-27). In windows
with t/D = 0.875, the conical fracture does not penetrate the whole thickness
of the window even in 1,000 hours. Cracks on the conical seating surface
were generally concentrated in the first 5% to 10% of the window’s thickness
measured axially along the conical bearing surface from the minor diameter
of the window.

From the observation of cold-flow deformations and fractures in
150-degree conical windows, it appears that only windowswitht/D > 1.5
will be optically satisfactory when subjected to 20,000 psi of sustained
hydrostatic loading for time periods equal to, or less than 1,000 hours in
aDOL 1 type flange.

4-Inch-Diameter Conical Windows
Because of limited pressure vessel time available at the Deéep Ocean

Laboratory for windows requiring vessels with an internal diameter of 18
inches and pressure capability of 20,000 psi, only one thickness-to-diameter
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ratio (t/D = 1.0) was investigated for full-scale 4-inch-diameter windows with
30-, 60-, and 90-degree conical angles. Although the test results from full-
scale windows of 30-, 60-, or 90-degree conical angle and a single t/D ratio
cannot serve as an adequate statistical sample for comparison with test
sesults obtained for model windows having 30-, 60-, 90-, 120-, and 150-
degree angles in the 0.625 < t/D < 2.0 range, they serve as a useful scaling
validity indicator.

Displacements. In general the axial displacement, cold-ilow cratering,
plug extrusion, and distribution of cracks in the low-pressure face and conical
bearing surface vrere found to be very similar to those found in model win-
dows of 1-inch diameter and t/D = 1.0. Good correlation for the relative
magnitude (with respact to window’s low-pressure face diameter) of axial
displacement was found between 1- and 4-inch-diameter windows with
50- and 90-degree conical angle and t/D = 1.0. The correlation of relative
axial displacement magnitudes was only fair for the 30-degree windows.

This is not surprising, as the response of t/D = 1.0 windows with this angle
to 20,000-psi long-term pressure loading has been found to vary greatly
from orie model window test specimean to another. However, the relative
magnitude of displacements in the full-scale 30-degree conical angle window
fails within the range of dispiacements for model windows.

When one takes into consideration that the displacements of full-scale
4-inch-diameter windows with 30-, 60-, or 90-degree conicel angle and
t/D, = 1.0 have been found to be approximately four times larger than those
of corresponding 1-inch-diameter model windows, it becomes apparent that
linear scaling of displacement data obtained in this study with model windows
is feasible and can serve as a valuable tool in predicting the behavior of
windows of any diameter. In each case, the comparison must be made
between windows of same t/D ratio and conical angle that have been
subjected to identical parameters of pressure, temperature, and loading
duration in the DOL 1 flange contiguration.

Cold-Flow Effects. The relative magnitude of permanent plug
extrusion on the low-pressure face and the cold-flow cratering on the high-
pressure face has been found to be approximately the same for full-scale
windows as for 1-inch-diameter model windows of t/D = 1.0. Similarly,
the distribution of cracks on the conical bearing surface and on the low-
pressure face was about the same as for the model windows of t/D = 1.0,

The relative magnitude of crack depth was similar to model windows
only for 30- and 60-degree full-scale windows (Figures A-31 and A-32). For
the 90-degree full-scale windows, the relative depth of crack penetration
into the body of the window was considerably greater (Figure A-33}. Both
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in the depth of penetration, as well as in appearance and location, the single
major crack located in the bearing surface of the windcw had the characteris-
tics of the crack found in model windows with 0.875 < t/D < 1.0. This may
indicate either that the material and/or machining of the 90-degree fuil-scale
windows were slightly different from that of the mode" windows of same

- angle and /D ratio, or that some unknown and unaccounted variable entered

during the testing of full-scale 90-degree windows.

In general the obsenved deformations, cracks, end axial displacements
of the full-scale windows possessed enough similarity and were of the proper
relative magnitude to establisn confidence in the applicabiiity of data gener-
ated with model windows.

Low-Temperature Effects. All of the tests described thus far in this
appendix were conducted at room temperature (between 65°F and 75°F).
Operating in this temperature range made it unnecessary to utilize temperature-
control equipment, thus considerably increasing the reliability of long-term
tests. Also the results of tests conducted on temperature-sensitive acrylic
windows in 65°F-t0-75°F temperature range have indicated* 2- 3 that this
temperature range represents a8 more severe window-deformation environment
under short-term loading conditions than would be encountered in the con-
siderably colder ocean depths, thus making the experimental data obtained
at room temperature conservative for applications in the 32°F-t0-40°F
temperature range.

Even though the experimental data were known to be conservative, in
order to define at least qualitatively the difierence in magnitudes of window
deformation measured in the 65°F-10-75CF range and those expected in 32°F-
t0-40°F range, five 4-inch-diameter, 90-degree windows with t/D = 1.0 were
subjected to 20,000-psi hydrostatic pressure for 1,000 hours in the 30°F-to-
350F temperature range. The comparison of deformations in these windows
tested in the low-temperature range and those previously tested in the room
temperature range constitute the basis for the following discussion of
temperature effects on window deformation (Figure 13a).

The deformation of the 4-inch-diameter, 90-degree windows with
t/D = 1.0 after sustained pressure loading to 20,000 psi in 30°F-to-35°F
temperature range for 1,000 hours was found to be less than that of
comparable windows tested under identical conditions except for temperature,
which was in the 65°F-t0-75°F range (Figure A-33). Both the length of plug
extrusion on the low-pressure face and the depth of cold-flow cratering on
the: high-pressure face were noticeably less than in the windows tested at
room temperature. Comparison of measurements taken on the room-
temperature and low-temperature test windows has shown that the plug
extrusion of the low-temperature test windows was approximately 30% to
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40% less than in room-temperature test windows. This compares quite
favorably with the predicted difference of extrusion based on strains
measured in acrylic tensile test specimens under different temperatures.

Slightly fewer cracks in the conical bearing surface of windows were
observed in window specimens used in the low-temperature tests than in the
specimens tested at room temperature. In all probability- this is due to the
lesser magnitude of plug extrusion found in the low-temperature test win-
dows than in room-temperature test windows. Since the resistance to crack
propagation of acrylic plastic does not decrease significantly with tempera-
ture in the 65°F-t0-30°F range, the low-temperature test conditions did not
impose a more severe test environment (one that would enhance the propa-
gation of cracks) than did the room-temperature test conditions.

It appears then that the room-temperature test condition to which
the windows in the main body of this program were subjected represents a
more severe test condition than will be ever encountered by such windows
in the 30°F-t0-35°F temperature range commonly found at ocean depths
in excess of 10,000 feet. However, even though the data from this study
are known to ke conservative, the reduction in severity of distortion in the
low-temperature range for acrylic windows other than those with 90-degree
included angles and t/D = 1.0 cannot be forecast in the absence of specific
data.
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{a) Low-pressure face. (b) View into the window’s interior through the high-pressure f

Figure A-31. Conical acrylic window after constant hydrostatic pressure loading to 20,(
temperature range; 30-degree cone, t/D = 1.0, 4-inch minor face diameter.

{a) Low-pressure face. (b} View into the window’s interior through the high-pressure

Figure A-32. Conical acrylic window after constant hydrostatic pressure loading to 20
temperature range; 60-degree cone, t/D = 1.0, 4-inch minor face diamete




or threugh the high-pressure face. (c} High-pressure face.

sure face.

static pressure loading to 20,000 psi for 1,000 hours in 65CF-t0-75°F

520,000 p§ b, 4-inch minor face diameter.
neter.

(c) High-pressure face.

or through the high-pressure face.
essure face
static pressure loading to 20,000 psi for 1,000 hours in 65°F-10-75°F
t0 20,000 P, 4inch minor face diameter.

pmeter.
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{a) Low-pressure face. {b) View into the window's interior through the
high-pressure face.

Figure A-33. Conical acrylic window after constant hydrostatic pressure Ioading_; to 20,000
temperature range; 90-degree cone, t/D = 1.0, 4-inch minor face diameter.
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{b) View into the window's interior through the
high-pressure face.

{

000 psi for’
. dow after constant hydrostatic pressure loading to 20,000 psi for 1,000 hours in 65°F-to-75°F

‘90-degree cone, t/D = 1.0, 4-inch minor face diameter.

{c) High-pressure face.
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- Appendix B

DESIGN OF WINDOW AND FLANG,E SYSTEMS FOR
LONG-TERM LOADING AT -20,000-PSI PRESSURE

INTRODUCTION

When the data generated in-this study are to be applied to the desigri
of windows for deep-submergence systems, several design and operational
parameters must be carefully evaluated. The most important operational
parameter that must be considered is the type of pressure loading to which
the pressure-resistant structures with windows will be subjected. For ease
of discussion, hydrostatic pressure loadings can be classified intog four general
categories. These loading categories are (1) static short-term, (2) sustained
fong-term, (3) cyclical, and {4) dynamic.

The short-term static pressure loading has been defined as a continuous
pressure rise at some arbitrarily set pressure rise rate until a predetermined
pressure is reached, upon which the pressure is released at the same rate. The
pressure rise rate selected for NCEL window studies 2- 3 was 650 psi/min.

Long-term sustained pressure loading is defined here as raising the
pressure at some set rate to a predetermined pressure level and holding it
there for the whole duration of the mission. Depending on the duration of
the constant pressure application, the long-term pressure loading is further
defined by the number of hours, or days that it is maintained on the window.

Cyclical pressure loading is defined as varying the pressure between
arbitrary maximum and minimum pressure levels with the period of pressure
fluctuation being either constant or variable.

Dynamic pressure loading depends for its definition on the arbitrary
dividing line between short-term static and dynamic pressure rise rate, which
for windows used in submersibles probably can be placed at 5,000 psi/min.
The dynamic pressure application may be short-term if applied once or
cyclical if applied repeatedly.

WINDOWS
Selection of t/D Ratios
The data that have been generated in this study are applicable directly

with some extrapolation only to design of truncated cone acrylic windows
under short-term or long-term loading at 20,000 psi, since the test specimens
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in this study underwent short-term pressurization at the rate of 650 psi/min
followed by long-term steady pressure loading at 20,000 psi. On the basis

- of this data some guidelines can be suggested for the benefit of the engineer

designing acrylic hydrospace windows of truncated cone shape for a one-
time, long-term.pressurization t0 20,000 psi in the 320F-t0-75°F temperature
range. )

Design:Guideline 1. The recommended t/D ratios tabulated below are for
mechanical applications in which-the acrylic truncated cone is utilized simply asa
self-energizing long-term timing device whose time-dependent displacement under
external hydrostatic pressure is utilized to actuate rnechenica], hydraulic, or electric
devices that in turn cause the pressurized structure to perform some function. These
t/D ratios have been selected to provide maximum time-dependent axial displacement
without catastrophic failure in the indicated duration of loading.

Included Conical t/D Ratio for Sustalped Loading Period of—
Flange Angle (deg) -
gle ldeg 1 Hour | 100 Hours | 1,000 Hours | 100,000 Hours
30 1.25 1.25 1.25 1.25
. 60 0.75 0.875 0.875 1
{See Design .
Guideline 4) 90
ul 120*
150*

* Note recommended for time-dependent device actuator applications because of
nsufficient axial displacement for high t/D ratios and considerable fracturing at
low t/D ratios.

The 30-degree included angle is considered to be the most desirable
as it causes the acrylic plug to have a very large axial displacement without
the considerable internal fracturing that is generally accompanied by jerkiness
in the rate of displacement. The magnitude of axial displacement for t/D
ratios chosen at 769F and 20,000 psi ranges between 0.2 and 0.6 of the
diameter at the end of the recommended loading periods. After each pres-
surization, the acrylic plugs must be replaced with new ones.

When acrylic truncated cone plugs are used as time-dependent device
actuators for unmanned structures placed in the deep ocean, the displace-
ment curves presented in this report for the DOL 1 flange should be modified
by a factor that takes into consideration the effect of low temperatures at
the place of submergence. Without such a factor, the actual displacements
of acrylic plugs under low ambient temperatures will be fourd to be signif-
icantly less than those shown in the report.
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i the aony 15 plugs are used undsr pressiores les than Z0000 psif, new
Eoplacement cunveswill iave 1o e davelinped thatwill take the lesser gres-
sure hevel inzp acoonl. Pressure favels iower than 15,000 poi v &0 regu e
the seection of lesser U/D retos andlar con’cal angles 1o per 2t the plug D
dsp'ane sutfecienily U0 serve 25 3 itrmedependeni devite act iz or.

Design Guideline 2. Wi er % aony Lo wirdiow IS to senve arly esan herimstion
transwiszex £or ureaned capscies and rot & 2 Rrkvgrads op il fers, e disgiacerery
s dzsivad tam for Oedependeniaciaions. Howsaver, rmore disnaceres canbe
tieresad i [ omiration spplications than for Fag.grade optical applieations. Wihen
wsed 1o Hikemnee, consn” rairle g otion of e window's Fishrpressore and Inwepress—e
facesaswellasaxialds erend s periastle, S0 long as fractning dres mo17ake place
m the window’s mearior ehalwold seniously brpede te tansision of i, Astte
20500 psi pressure level iz the 320710 T5°F wrperetie range, e amEp e I
D r=tios bave dispiaceren s o ess Een 815 D for Sldayee, 0.2 D for 63dayee, and
03 D for 0 degzewidansina speird trme span.

! Petis i S Feeet £ P z__
- tret-sied Conice D Rz1o for Sustaimed Lesmng Pesiod ef
i Angiz (S 1Hoor | 100 Hours | 1 002 Houns | 110000 #Hous
3 215 =15 2175 220
. €D =10 =10 =125 215
S22 Desen e >10 | >0 >125 1.5
Guigsline5; "
26
i=5*

* hesst recommended for illemination transmission becarse of considerahie fracturing
&t low D ratics, whike hizh /D ratics meke wincows too bulky.

After each pressurization ox the structure fitied with acryiic windows,
the windows must be replaced a5 otherviisz they may 151l at pressures less
than 20,000 psi upon repressurization.

The t/D ratics ;oceptable for 20,000-psi long-term loading of specified
duration are a!so applicable without any modification as desirable conservative
ratios for long-tes.n pressure loading in the 15,000 < p < 20,600-psi pressure
range and the 320F-10-759F temperature range.

Design Guidzeline 3. V/hen the truncated cone acrylic windoss serve as high-grade
optical lenses for visyal observation of hydrospsce outside a submersible’s pressure hull or
the observation of simulated hydrospace inside a pressure vessel, only minute distortion
of viewing surfaces can be tolerated. Baceuse of these telerance limitations, the acceptable
t/D ratios are drastically cifferent from those sppropriate for the time-dependent device
actuator and illumination transmitter described in guidelines 1and 3.
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t ’ _ oo el Gzl ) Ratio for Surtaived Load g Pariod of

Aoie (B s ,

1 B | TE0Eours § 3,800 Hows | TI0003 Hours

i 4 20 25 45 &

See Geir & 23 25 25 435
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The /D retins apcepteh’e for optice] applications of tuncsted oone
amyiicwindomes have been se’ected after 2 thoroush considersTion of three
peramsers of imporiance in opersiions] window perissmance: (1) magnilude
of exiz! isplaremeni during the long-term pressure boading, (2) d=formation
of hizh- and of low-pressre faces, and (3) magnitude of penewation and
forerfon of oracks on the con’te) sirface during the susteined fosfing. Since
it isvittuwslly impossin’s, rezerdless of /D ralio and angle chosen, 10 oom-

=2ty eminzie iimedependent oold flow of the aorylic plestic 2t 20.000-¢s8
kydrosiaiic pressure, 2n enginesring [zdrement was made on what oonstitutes
the minimum ecoepiet’e pericrmence of the aorylic window irom the optics!
and ssfety vienmpoinis,

Awvindow is considereg to be safe for menned operation if during 2
sngle sustz’ned pressire loadisg of 26,000 psi in the 329F-16-75°F renge
for the specified maximum duration 0 cracks or crazing were presant on
ihe high- end loww-pressure fecss, while ihe conical bearing surface exhibited
only minor arazing, 67 cracking less than 0.010-nch deep. Tote! axial dis-
placement in the range of 0.65 D 10 0.1 D 5t the end of the specified period
of Ioading presents no cperationa! difiiculiies for the observer. The window
is optically accepteble if iz czuses no distortion of viewed objects in hydro-
spave f0r an Ghserver wihwse eyes are within 10 inches of the lov-pressure
face.

The t/D reatics ecceptable for windows in optical applications under
long-term pressure loading of 20,000 psi in 32°F-t0-75°F range are also
applicable vithout any modification as desirsble conservative ratios for
long-term pressure loading in the 15,000 < p < 20,000-psi range pressure
and 32°F-t0-75°F temperature range.

Itis understood, of course, that design guideline 3 can be applied
to dimensioning of illumination transmission windows used in unmanned
capsules if the designer so desires, resulting in illumination transmission
windows with very little optical distortion.
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Applicability of Data to Other Loading Conditions

As presTousty mentioned, the experimental dalz genaretzd in ths
ey s appicahie with reasonat’e extrapoizTion only U asingle short-, or
fomg-tenm static pressuve boading 21 20000 psi. However, since very Fitie
dzi2is now a2 lat ke for the desigr. 6F windows sutiected to fong-term
loading 21 ¢ther presspres than those wsed in ths study, some designexs
T2y be tempred 1o base thefr selections of window proporitons on the €z
from this study. This is nof recommended. The factors for adlusting /D
rerios from ths scody for other pressure leve’s have noi yet been developed.

rifios are undanvay a1 NCEL that will provide-this mmfonmation for
10,000-psi spp¥icetions. The resslts of kong-term pressure siudy 21 10,000
psi will be pubfished in late 1959, whilke the results from study at 5,000 psi
will be araiizhle in early 1870,

1 isrecommended 25 operationslly desireble thet the minfmum t/D
ratics accepten’e for 20,000-psi long-term pressure foeding &'so be wsed for
oressures in the 15,.000-t10-20,000-psi ranga. Tiis chzng e in long-term
cperztionz] siztic pressure magmitude will make it possiblz to prooi-test
such windows 1o 20,000 psi without demaging the windows.

The exparimential data of this report &iso should noi b2 used for
the direct s2lection of window proporiions for applications where the window
is sublected to cyclic short-ienm or long-ierm pressurizstions. Caution is
advised here because the relat onship betwveen ihe efiect of cyclic and long-
term Igeding conditions on the initiztion of frech. - in eoylicwindowsis
not knovn. Heowever, inview 6f ihe fect that cyclic pressurization dsia for
windows operating in the ebyssal depth renge is either nonexisient or very
scarce, designers may also b2 tempied to use Ieng-term pressure lozding
data contained in this repori for the design of windows for cyclic pressure
service. Designers who do this zre advised that the window proportions
recommended for 1,000-hour sustained loading at 20,000 psi will probably
perform quiie satisfactory at 15,000-psi cyclic loading so long as the maxi-
mum duration of the pressure cycle is less than 10 hours. If window
proportions are selected for cyclic service on this basis, extensive evaluation
of the prototype full-scale window under simulated operational conditions
is recommended.

Window Fabrication
Since the windows rely on intimate contact with the conical flange

cavity surface for their high-pressure sealing as well as for their restrain.
against axial displacement, an accurate fit with that cavity is of great
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importance. For this resson the maximwm elowatie machin'ng tclerances
on the window must not exceed £0.006 inch on the minor diamerer, 0.010
inch in thickness, and £ 15 minutss of included coniza] angle.

The windows are fabricated by machin’ng aoryfic stock having the
mechanical and physical properiies of Piexiglas G piate. Four-inch-tnick
commercisily avaifable piate, 2 custom cast biock, or a block madz up by
bonding of severs! siandard aorylic plates can sexve 2s machining stock. In
the case of custom €35t or bonded blocks, the ead product must have the
same mechanice) end physica! properiies as a monolithic, commercisify
aallishie 4-inch-thick Plexiglas G piate. It is particularly importani that
the tensile strength of the bonds in the bonded acrylic block be equa! to
or approach thar of the parent materia! (T able B-1).

Regardless of the machining stock wsed, the window should be
annszled twice during its fabrication: once aiter rough machining when
it is within zpproximaiely 0.125 inch of finished dimensions, 2nd a second
tisme when it hes been machined 1o fis fins! dimensions end the surizces
have been polished. VWithout annezling, the conical bezring surfaces of the

window will creze and orsck sooner under Gperaiicnal service.

The %inish of 7he conicel bearing surface of the window should be
a 32-rms machined suriace followved by polishing. If the surface finish is
rougher, crazing and cracking of the conice! bearing surfzce could initiate
sconsr under operaiional service,

Proof-Testing of Windows

\When the experimenizl data contained in this report are used for the
design of windows, czre must be taken not to damage the windows with
excessive overpressure proof-iesting. The basic ground rule for windows
selected on the basis of long-term tests described in this report is that conical
acrylic windows should never be subjected to pressures above 20,000 psi,
regardless whether this occurs during the operational life of the window or
during the proof-test that precedes it. Because of this if the operational
service of the windows is to be at 20,000 psi, the proof pressure preceding
the operational use of the windows must only be equal to operational pres-
sure. If for some reason the proof pressure must be in excess of operational
pressure, then accordingly the operational pressure rating must be reduced
below the 20,000-psi pressure level. Thus, for example, windows selected
for long-term loading condition in habitats or capsules with 15,000-psi
operational depth capability cannot be proof-tested to pressures higher
than 1.25 x operational pressure, as otherwise the proof pressure will
exceed 20,000 psi.
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Tabie B-1. Properties of AnylEoWindow Matarnal

Pinysicail Properties
Property Regyemer Tes: Metod
Hartaess, Bocowsll M 90 femtaera) ASTMDIESE2
Hardness, Bxool 90 teminierearmd) ASTAD2323
.. 1.39£00%

Spectiic craviy {2 tess mithin Q.005) ASTI-DI02.647
Refractive index: 1/3inch 150001 ASTM-D542.50
Lominoes transessiance: 1/8 inch 1% (mntnxem) ASTLLDI03361
Haze 1{3ixch 2.3 fraxicwam) ASTELD1003-61
He21 drsamion i=mperaise - ASTI-D52356

+36°F /min21 264 ps 200°F

+36%F/minz: 66 55 2207F
- - - G 5 - Federai Standaed 506
Thermel expansionl°F a1 20%F Sx 107 fmaxiémuen) %tethod 2031
Yo gheorptinn: 18 inch ASTALOSIOS3ET

t2) 25 hoxrs a1 73%F 0.3% (maximum)

{6} t0 sazuration 1.9% {maximum)

M achanical Properties®

Tersie: sizeingih, rUptuT s -
(0.2 inSmin) 9,000 psi ASTM-D638-64T
Tensile elongation, rupiice 2% {minimum}~6% (maximum) | ASTM-D633-64T
Modulus of elasticity. tension 425 000 psi ASTM-D538-64T
Compressive strength, .
(02in./min) 16,000 psi ASTM-D695-63T
Flexural stremth, rupture 16,000 psi ASTM-D790-63
Sheer strength, rupture 9,000 psi ASTM-D732-46
Impact strength, 1 z0d
{per inch of notch) 0.4 ftib ASTM-D256-56
Compressive deformation under load 0.6% (maximum) ASTM.-D621-64

{4,000 psi at 122°F for 24 hours)

* The requirements are minimum values.
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Since the proos-test 10 20,00C psi grior o placement of the window
in aciual service constitutes 2 Isading cycle, it is important to make it as beief
as possible so that it does not substantially redisce the rated long-term life of
the window in subsegueni cperation under service conditions. Because of this
it is recommendzd that if the window will operete in service at 15,000 psi the
application of 20,000-psi proof pressure should be limited 10 1 hour.

Idzally, prosf-iesiing of each window slaied for long-term service
operation &t 20,000 psi shou!d not take place at all, s it hes a negstive
influence on the long-term life of ithe window. Instead of proof-testing each
window, it is more advaniageous to refy on quelity control in the procure-
ment of acrylic siock, and machining, annealing, and bonding of the window.
‘“hen this guality control in fabrication is zugmented by the testing under
simulaied service conditions of a window selected at random irom the same
group of vwindows cn the production line, very reliable windows for long-
term loading can be chiained. In this manner even though one window is
secrificed 10 nondestruciive and possibly to destructive proof-testing, the
remaining windows from th2 same production batch retzin all of their
poiential pressure-resisting capability for actual service operation.

FLANGES
Configurations

Although all the bulk of experimental data of this study has been
generated in the DOL 1 flange and window configuration (Figure B-1), a
minor modification of this configuration is recommended for full-size
hydrospace windows to give the user an added margin of safety for windows
whose proportions have been selected on the basis of this study.

The recommended modification to the DOL 1 flange and window
configuration consists of locating the window’s low-pressure face further
away from the cylindrical passage in the flange to provide not only radial
but axial restraints for the extruding portion of the window. Such a flange
and window configuration, designated as DOL 5 flange (Figure B-2), should
permit the windows 1o extrude somewhat less than the windows described
in this study and thus give the designer extra margin of safety and optical
performance.

A group of windows with t/D = 1.5 and conical angle of 60 degrees
has been tested in the DOL 5 flange to determine whether the predicted
decrease in axial displacement actually takes place. Comparison of axial
displacements measured on windows in the DOL 5 flange with displacements
of windows in the DOL 1 flange showed that the windows tested in the DOL §
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fiange displace less then similar windows tested in the DOL 1 fienge. The
difference in magniiudz of displacemen? wes on the order of 1025, What the
difference may be for cihar t/D ratios and angles is unknown. 1t is certain
however, from basic considerations of the structural parameters conirolling
the window displacement that the displacement of windows inthe DOL 5
flange will never be more than in the DOL 1 flange. Furthermore, these
exploretory tests have shown that when pressure is relieved the exiruded
plugs of conical windows tend to become wedged in the cylindrical passage
of the DOL 1 lange causing some portions of the window to b2 placed
under tensile loading. Such wedging does not take place in the DOL 5
{langs, precluding the possibility of having the window under tensile
Ioading when the hydrostaiic pressure is zero. On the basis of these
findings it is felt that the recommendation to utilize DOL 5 flanges instead
oi DOL 1 flanges has been experimentally validated and that the use of
DOL 5 flanges constitutes an edded marqin of saiety for use of conical
gcrylic windows under long-term loading. Determination of the magnitude
of this margin of saiety will be the subject of a future study.

D = minor window diameter

A, ///// //// 777
s
/ /// Z /

Note: L Df —d

\i

\
TR

1. D = Dy for all t/D ratios and conical angles (&}

2. 2 2> 2 x displacement of window during the sustained
pressure loading for specified period of time

Figure B-1. Characteristics of DOL 1 flange and window assembly used in
the current study.
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DOL 5 Assembly

Note:
1. a® —Tobechosenby designer on basis of stress field evaluation in the flange
2. B —Tobe chosen by designer on basis of optical viewing requirements
3. £2b for all t/D ratios and conical angles (@)

4. b2>displacement of window during the sustained pressure loading for
specified period of time
5. D> Dy for all /D ratios and conicai anglesa

Figure B-2. Characteristics of DOL 5 flange and window assembly (the
assembly recommended for long-term 20,000-psi pressure).

In order to minimize the displacement of the window under sustained
operational pressure, as well as to provide a necessary margin of safety for
overpressures 10 which the windows may be accidentally or intentionally
(as in proof-testing) exposed, the engineer must design the window flange
opening with required radial and axis support for the window. The dimen-
sions of DOL 5 window flanges have been calculated and are presented in
guidelines 5 and 6. These calculations are based on two assumptions. The
first is that the distance b between the window’s low-pressure face in the
conical flange cavity and the bottom of the conical cavity must be approx-
imately the same as the displacement of the window with recommended
t/D ratio during the specified duration of sustained loading at 20,000 psi.
The second is that either an overpressure or extension of rated loading
duration may be encountered by the structure during its life and therefore
an additional allowance, £, equal at least to b should be made for window
displacement in the cylindrical flange cavity.

L e
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The first assumption must be takan into account. The second one
should be considered, but in many cases no pressures higher than operational
will be encountered, and thus no provisions have to be made for displace-
ments caused by overpressure or for duration of loading past the originally

specified time span. )
) When the acrylic truncated conical plug is used as a time-dependent
device actuator, the DOL 1 flange is preferred because in this application a
decrease in axial displacement is not desirable. In actuator applications no
allowance is made for overpressures or loading duration past specified time
span.

Design Guideline 4. For epplications in which the acrylic truncated cone is
simply a mechanical self-energizing iong-term time-dependent device actuator for
sustained service at 20,000 psi and 32°F-10-75°F temperature range, the following
flange cavity proportions, which tend to favor large displacements are recommended:*

. included Angle D/D; Cylindrical
Window Flange {deg) Ratio Passage Length, £
{See Design 30 1.0 075D
Guideline 1) boL 1 60 1.0 05D

Design Guideline 5. For applications in which the acrylic window is to serve
only as an illumination transmitter for unmanned capsules under 20,000-psi sustained
service in 35%-10-75°F temperature range and not as a high-grade optical lens, the
following flange cavity proportions are recommended.**

. Included Angle D/D; Cylindrical
Window Flange {deg) Ratio Passage Length, £
. 30 1.19 =20.3D
(st;g:ﬁ'eg;) DOL 5 60 1.41 >025D
90 1.43 =20.15D

Design Guideline 6. For applications in which the truncated cone acrylic
windows serve as high-grade optical lenses for manned capsules under sustained pressure
loading of 20,000 psi in 32°F-10-75°F temperature range the following flange cavity
proportions are recommended. **

* No allowances for overpressures above 20,000 psi have been made.

** Allowance has been made for minor overpressure and/or extension of loading duration
past the rated time span of the window.
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. Included Angle D/D; Cylindrical
Window Flange {deg) Ratio Passage Length, £
30 105 >0.1D
. 60 1.14 >0.1D
(See Design DOL 5 ) 125 >0.1D
Guidetine 3] 120 154 >01D
150 40 >0.1D

Finishes and Tolerances

The experimental data relating flange-seat surface roughness to crack
initiation in the bearing surface of conical acrylic windows under fong-term
loading is inconclusive. Therefore, no definite recommendation based on
scientific facts can be made for a particular surface finish at this time. |t
can be only stated that so long as the surface finish is in the range of 32 to
125 rms, the acrylic conical windows will perform satisfactory. The surface
finish of the flanges used in this study was 63 rms; it performed quite
acceptably and can be considered a happy compromise between the more
expensive 32-rms finish and the rough 125-rms finish.

Although exploratory experimental data indicate that an angle
mismatch between the acrylic plug and the conical flange seat of 1 to 2 degrees
magnitude does not noticeably affect the critical pressure of the window, the
mismatch should be kept to a minimum to eliminate high-pressure sealing
problems. To minimize leaking, deviation of the conical flange cavity from
the specified angle should be in the £+5-t0-+ 15 minute range, easily attained
with ordinary machine shop practice.

The effect of variation in the minor diameter of the conical cavity
on the displacement and critical pressure of the conical acrylic windows
varies with the type of window—flange system used. The efteci of variaticn
is most pronounced for the DOL 2 window/flange system and least pro-
nounced for the DOL 5 system. Since DOL 5 system (Figure B-1) is the
one recommended for windows under long-term hydrostatic loading, the
diametral tolerance for minor diameter of conical flange cavity may be in
the range £0.001 to +0.005 inch. These tolerances are readily achieved
with ordinary machining processes.
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SEALS
Requirements

One of the major problems encountered in the design of window

" systems for long-term loading is the design of seals. The difficulty in the

design of seals for such a system stems from the fact that there are three
separate operational requirements thag the seals must satisfy:

1. The window system must be watertight at low pressures while the
capsule, or habitat, is being towed to its location.

2. The window system must be watertight at the maximum operational
pressure during the projected duration of the mission on the ocean bottom.

3. The window system must be watertight upon return of the capsule, or
habitat, to the ocean surface, and during the subsequent towing to dock.

It is relatively easy to satisfy the first two requirements. Any
ordinary gasket will seal the high-pressure face of the window against the
window-retaining ring at low hydrostatic pressure, while the greased surface
of the window acts as a seal itself under high external hydrostatic pressure.
1t is much more difficult to satisfy the third requirement because the win-
dow has experienced permanent yielding during its long-term service under
operational pressure in 15,000-t0-20,000-psi range. Upon return of the
capsule to the ocean surface there is a tendency for the windows to leak;
because permanent axial displacement of the window has taken place, the
gasket between the window-retaining ring and the window is no longer
compressed. There are many design approaches that will mitigate or
completely eliminate the problem of window leakage upon return of the
capsule or habitat to the ocean surface after its long-term submergence.
Seals of several designs have been buili and their performance noted.

Seal Designs

The five different types of seals (Figure B-3) investigated for sealing
windows under long-term loading were designed primarily to satisfy require-
ment 3, but in the process of satisfying that requirement, in every case they
also satisfied sealing requirements 1 and 2. The simplest seal investigated
was the standard gasket compression seal of 60-durometer hardness held
against the window's high-pressure face by a retaining ring. Its thickness
was selected to permit the necessary precompression during installation
without causing permanent set to the gasket. The precompression was
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selected to accommodate the largest predicted displacement of the window ’
in the flange and yet maintain sufficient contact pressure with the window
and the retaining ring to permit the gasket to function as a seal when the
capsule or habitat is brought back to the ocean surface.
A little-more complex was the seal utilizing an O-ring in radial
compression. For this design, as well as the elastomeric channel-seal design
discussed later, both the window and the flange cavity had to be enlarged
to accommodate the seal without reducing the window's critical dimensions.
Because the O-ring was designed to be under radial compression, the yieiding
of the window material under long-term hydrostatic pressure in the 15,000-
t0-20,000-psi operational range would tend to make the seal more pressure
resistant; the clearance between the edge of the window and the flange
cavity surface would decrease with time. |n addition, the axial movement
of the window in the flange did not present any problems in this O-ring seal
arrangement, as the radially compressed O-ring slides with the window along
the cylindrical surface of the cavity in the flange without any loss of com-
pression. In this design the window is held in the flange cavity by means
of a single flat annular spring compressed against the high-pressure face of
the window by a retaining ring.
The channel-type seal operates on basically the same principle as
the radiel O-ring seal. However, the seal, which slides along the cylindrical
cavity surface (Figure B-3) with axial displacement of the window, is an
elastomeric channel pressed against the window and the cavity surface by
two split rings. The window is held in the flange cavity by means of several
helical springs held in compression by a retaining ring.
The wiper-type seal in the form of an elastomeric wedge with
triangular cross section was designed to operate on the same surface-wiping
principle as the two preceding seals except that during axial displacement
of the window in the flange cavity the seal wipes a conical surface, not a
cylindrical one as is the case in the two previous seals. Because of this, the
flange cavity and window may be the same size and shape as for the standard
gasket design. The window-retaining ring acting upon the seal wiper ridge
also serves the secondary function of preventing the window from moving
excessively outward upon surfaciny.
The axial O-ring seal was designed like the wiper seal to maintain
constant contact with the conical flange surface under large axial displace-
ments of the window. The window is held in positive contact with the ;
cavity surface by the flat annular spring compressed by the retaining ring ;
against the window’s high-pressure face. i

66

o B N, AN BB PPl o 7




1000000

X T
4 // ? / Gasket Seal
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E flat annular spring
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WV,

Channel Seal

| 4

Wiper Seal

Axial O-Ring Seal

Figure B-3. Seals applicable to windows under long-term pressure loading.
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Seal Evaluation

Tests performed on windows of nominal t/D =20, 90-degree conical
angle, and 1-inch diameter under 20,000 psi for-1;000 hours have shown that
all-of these seals performed their sealing function satisfactorily. However,
some appear to be more desirable than others for hydrospace windows under
long-term loading on the basis of economic, structural, or'space considerations.

From the aspect of space re§uired to contain the window and its seal
system, the compressed gasket, the elastomeric wiper ring of triangular cross
section, and the axially compressed O-ring called for the least space. They
required a conical flange cavity whose depth was only somewhat greater
than the window'’s thickness. Thus it would appear that in hydrospace
window applications where the depth of the conical flange cavity in the
pressure hull must be kept to a minimum because of limited hull thickness
such seal designs are attractive.

One shortcoming of these two designs is that for low-pressure sealing
capability at the termination of the long-term pressure loading they both
rely on the elastomeric properties of the gaskets that initially were axially
compressed at least 0.1 D. f, due to the action of seawater, hydrostatic
pressure, low temperature, and high initial compression, a permanent set
of the elastomer occurs, it will lose its ability to force the window into
contact with the flange cavity surface and thus prevent sealing at low
pressures,

From the aspect of sealing ability after long-term pressure loading
during which the elastomers in the seals acquire a considerable permanent
set, the seal designs incorporating an elastomeric O-ring or the channel seal
are the most desirable. The latter seals maintain contact with the flange
cavity surface even with permanent set in the elastomeric seal as a result
of the force exerted on the window by precompressed metallic springs.
Between these two types of seals, the ones incorporating the elastomeric
O-ring are more desirable because they utilize only off-the-shelf commercial
elastomeric rings that are available in many formulations.

A major shortcoming of these sealing systems is the stress raiser
effect introduced into the window bearing surface by the presence of
grooves machined for the placement of seals. This stress raiser effect is
most sever - ‘n the groove cut for the axial O-ring seal, particularly in

windows with a 3" degree included angle.

In terms u. window displacement, the radial O-ring seal is the most
desirable one as the window is approximately 25% thicker than designs
incorporating plain gasket, wiper type seal, or axial O-ring seals; at the
same time the radial O-ring design does not have the serious stress raiser
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effect of the channel seal groove. Bécause of the added window thickness
that the radial O-ring seal requires and the low stress raiser effect, it is
considered to be the most conservative window seal system.

Seal Selection

o

In view of the considerations discussed in the section on seal design
evaluation, it can be postulated that for long-term loading at a hydrostatic
pressure of 20,000 psi only two seal designs are attractive. Where the win-
dow cavity in the fiange is to have the ieast axial length possible and where
the economics of window—seal system fabrication are important the simple
gasket seal design is preferable. '

Désign Guideline 7. For the simple gasket seal, the design guidelines for

selecting the magnitude of elastic gasket precompression under the window retainer
ring depend on the design guidetines used in the selection of window t/D ratios.

1 Window t/D |  Cavity Dimensions

Corresponding Gasket Compressions
Selection of | Corresponding Conical | Under Retainer Ring(s) for included Angles—

a0 | 60 | 9% | 120° | 160° |

Guideline 2 Guideline 5 03D] 025D | 0.15D - -

-Guideline 3 Guideline 6 01D] 01D p0ID 01D | 01D

If the gaskets are compressed (Figure B-4) as recommended, and no
permanent set of the elastomeric gasket occurs, the seal s$hould perform
adequately prior to the long-term pressure loading, during the sustained
long-term loading of 20,000 psi, and in low-pressure service encountered
by the window when the ocean bottom habitat or capsule returns to the
ocean'’s surface.

Prior to Compression After Compression

S N ./
N N =] ‘ X
1r— , £330 vy

7
7
/

L.

~

Figure B-4. Parameters for selection of gasket seal compression according to
Design Guideline 7.

Y= X = compression
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In applications-in which (1).a deeper flange cavity can be. tolerated,
(2) off-the-shelf commercial O-rings are available:for that particular-window
diameter, {3) some pressure cycling will be present,.and (4) a more conserva-
tive window design is preferred; the radial O-ring seal is recommended.

. Design Guideline 8. For the radial O-ring seal, the design guidelines for
selecting the magnitude of the cylindrica! lip on the window and the corresponding
cylindrical recess in the flange depend on the design guidelines used in the selection
of window t/D ratios.

Corresponding Dihemims of .Lower Cylindrical
-Selection of | Corresponding Conical Windows Lip (k) for included Anglesf-

Window t/D | Cavity Dimensions
0° 60° oq° 120¢ | 150°

Guideline 2 Guideline 5 04D| 03D | 02D -
Guideline 3 Guideline 6 02D 02D | 02D 020 . 02D

The foregoing description 6f dimensions (Figure B-&} rscommended
for the lower cylindrical window lip does not describe the overall thickness
of the'lip, but just its lower portion below the O-ring groove. {n order to
specify the window, however, one must also know the overall thickness of
the-lip. To arrive at that dimension K, one must add to k.the width of the
O-ring groove w and the upper cylindrical window lip n. Both of these
dimensions do not depend on the magnitude of the external pressure to
which the window will be subjected but on the size ¢f the O-ring, which
in many cases is chosen solely on the basis of the window diameter.

W

’," %l Z.?

S

/
2,

Figure B-5. Parameters for selection of window lip dimensions aceording to
Design Guideline 8.
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In general, the width of the groove should be >0.15 inch for 1/8-inch
O-rings associated with small windows and->0.3 inch.for 1/4-inch O-rings
used in large windows. The uppér cylindrical window-lip-should be at ieast
éjual in thickness to the groove:width, or may be-even thicker‘to prevent
its chipping during handling of windowsat installation. The resuiting win-
" dow, because of its added thickiess is quite conservative and therefore
particularly recommended if:the fong-term pressure service will be at
20,000 psi.

SUMMARY

To tie the many design-guidelines together that are spelled out in
Appendix B, two typical windows will be designed and dimensioned.

Case A
Requirements

Pressure: 20,000 psi

Type of loading: Sustained, 1,000 hours

Type of service: Opticai.observation of hydrospace
Cone angle: 90 degrees

Type of seal:  Radial O-ring

Minor diameter: 1 inch
Dimensioning

Optical service requires that Design Guideline 3 be used for window
t/D selection (in this case t/D = 2.0), Design Guideline 6 for flange cavity
D/Dy selection (in this case D/Dy = 1.25 and £ = 0.1 D), and Design Guide-
line 8 for radial O-ring seal and window lip thickness selection (k = 0.2 D,
w=0.19,n=0.19).3 The configuration of the window and flange is shown
in Figures B-6, B-7, and B-8,
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Figure B-6. Typical design of radial O-ring seal on a 0-degree window for
1,000 hours of service at sustained 20,000-psi pressure in
32°F-10-75%F temperature range.
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Figure B-7. Window with a vadially compressed O-ring seal after 1,000 hcurs
of service at sustained 20,000-psi hydrostatic loading in 65°F-to-
75°F temperature range (D = 1.0 in., t/D = 2.0 a = 90).
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Figure 8-8. Flange and window assembly. (The dimensions of this DOL 5
2ssembly are shown in Figure B-6 and the window configuration
in Figure B-7.)

Case B
Requirements

Pressure: 20,000 psi

Type of loading: Sustained, 1,000 hours

Type of service:  Optical observation of hydrospace
Cone angle: 90 degrees

Type of seal: Garket seal

Minor diameter- 1 inch

73 b




-

RIRT OGN s o, M, v

Rt v

i

Figure B-8; -7lange and window assembly. (The dimensions of this DOL 5
assembly are shown in Figure B-6 and tise window configuration
in Figure B-7.)

Case B

Requirements

Pressure: 20,000 psi

Type of loading: Sustained, 1,000 hours

Type of service: Optical observation of hydrospace
Cone angle: 90 degrees

Type of seal: Gasket seal

Minor diameter: 1inch
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Dimensioning.

Optical observation.service requires that‘DesignGpideIing 3 be used
for window t/D selection. (in-this case t/D-= 2.0), Désign Guidsline 6 for
flange cavity. D/D; sélection (in this case D/D¢ = 1.25,2 = 0.1 D), and Design
‘Guideline 7 for gasket seal precompression ‘specification {in this case 0.1 D).
The configuration.of the wiridow is shown in Figure B-9.

\\\\
)

\0998in,

2 in,

!

L0.{in’0

%

Figure 8.9, Typical design of gasket seal on a 90-degree window for 1,000
hours of service at sustained 20,000-psi pressure in 32°F-to-
75°F temperature range.

Since all of the design guidelines discussed in Appendix B had as their
objective a window that performs reliably and safely in 15,000-t0-20,000-psi
pessure range and 32°F-to-75°F temperature range, an approach to
dimensioning was used that always assumed the windows would be used
at the most severe ioading condition. Thus it can be expected that when
a radial-Q-ring-sealed optical service window is operated at 15,000 psi and
34°F temperature for less than the whole span of its rated life, the displace-
ments of the window will be much less than provided for by the design
guidelines, On the other hand if a gasket-sealed optical service window is
operated at 20,000 psi and 75°F temperature for the whole span of its
sustained loading rating, the displacements will probably be equal to those
foreseen by the design guidelines, but still will be on the safe side. Because
of these built-in safety margins, there is no need for the designer to
incorporate additional safety factors so long as the windows will not
operate outside their rated performance parameter ranges.
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DISPLACEMENTS OF CONICAL ACRYLIC WINDOWS UNDER
SUSTAINED HYDROSTATIC LOADING AT 20,000 PS!

AT .

Each of the conical acrylic windows subjected to sustained 20,000- i
psi hydrostatic.loading experienced‘axial-displacement.through the flange
opening. There were three distinct phases in the axial displacement of each
window. The first phase took place when the pressure was raised at a 650-
psi/min rate from N-to 20,000 psi. T'he-second'phase was relatively rapid
axial displ=2ment:¢f the window through:the flange immediately after
the 20,000-psi sustained pressure loading was reached.. The second phase
lasted for approximately 12 to 24 hours. The third phase of axial displace-
ment was the relatively slow axial displacement of the window during the
H remaining duration of sustained pressure loading at 20,000 psi. To
emphasize and delineate the three distinct phases of axial displacement,
two different scales were used for plotting the displacements. Log-log
scales with 0.001-inch displacement and 1-minute time units were selected
to show the rapid rate of displacement of the windows during phases 1 and
2. Linear scales with 0.01-inch displacement and 1-day time units were
chosen to show the slow rate of displacement during phase 3. To permit
rapid visual comparison of the two different displacement phases, they are
grouped together in Figures C-1 through C-6 for each different window
configuration,

When one observes the graphs depicting phases 1, 2, and 3 one ‘
immediately notes that the relationship between time and magnitude of
axial displacement is not shown graphically by a narrow line but by-a wide
band whose width and shape varies from one figure to another. There are
several reasons for this.

el e ety =

1. Each curve represents the range of displacements shown by a group of
five window specimens which were not of identical dimensions, but varied
by the magnitude of dimensional machining tolerances.

2. All of the five windows comprising a single t/D ratio group for a given
angle were not tested in the same flange, but in several flanges that differed
from each other by the magnitude of dimensional machining tolerances.

3. All five windows in a group were not tested at an identical temperature. e
The average temperature varied several degrees from one long-term test to ’
another,
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4. All of the five windows were not machined from the same piece of:
material, or for that matter-at the same material removal rate.

There are-several general observations that can be made about the
scatter of recorded displacement data. First, that the width of the plotted
displacement range appears to'be in a large measure a function of absolute
displacement magnitude; i.e..small variations in material and dimensional
parameters of-windows result in large displacements. Second, displacements
of windows that are accompanied by extensive cracking and fracturing.of
‘the acrylic material (t/D = 0.75 for 60; 90, 120, and 150 degrees) vary more
from one specimen in the same group to another than the displacements of
windows not accompanied by extensive cracking. This phenomenon in all
probability is caused by-the randomness of crack initiation and propagation,
as compared to the nonrfandomness of -typical stress—strain behavior of
material before cracking.

Since in some of the.t/D ratio groups all of the windows failed prior
to the termination of the 1,000-hour tests, no graphs exist depicting phase 3
of window displacement. 1n other groups of windows only some of the
windows failed prior to 1,000 hours at sustained 20,000-psi pressure loading.
For those groups of windows only the lower boundary of the phase 3 dis-
placement range has been shown since the upper boundary is undefined.
(See, for example, 30-degree windows with t/D = 1.0.)

When the data contained in Figures C-1 through C-6 is used for
design of operational windows, the upper:boundary of displacement ranges
should be utilized. It represents a conservative approach to sizing of window
flange cavities for containment of windows during their displacement under
sustained hydrostatic pressure of 15,000 to 20,000 psi. For design of win-
dows that will be used at a sustained pressure of less than 15,000 psi, the
lower boundary of the displacement range should be utilized as otherwise
the design of flange cavity becomes too conservative.
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Figure C-3. Range of displacements for five model windows of 90-degree included cone angie under sustained 20,000-psi pressure
at room temperature,
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